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INTRODUCTION 
The cardiovascular system of the human body is complex; 
yet, it is reliable and efficient for the number of years it 
must function. Like any other "machine", it is subjected to 
wear, malfunctions and breakdowns. Among the troubles that 
beset the cardiovascular system are the problems associated 
with the "plumbing" of the system. The blood vessels lose 
some of their compliance and elasticity with age. Fatty de­
posits on vessel walls reduce the lumen size and blood flow. 
This condition is known as atherosclerosis. Ballooning at 
critical sites along the blood vessels sometimes occurs pro­
ducing aneurisms, stenoses or obstructive occlusions along 
the flow path of blood occur with incapacitating effects. The 
disorders are diverse and the causes often obscure. 
Lesions in blood vessel walls in the form of occlusions 
and weakening of the elastic tissues were suspected to be the 
result of "abnormal" flow in the blood vessels (1,2,3). Sev­
eral researchers had suggested that post-stenotic dilatation 
might be due to turbulence and high shearing stresses gener­
ated downstream from a stenosis (4). The fluctuating stress 
on the endothelial lining might cause a deterioration of the 
endothelial cells as described by Fry (5). This may lead to 
degeneration and weakening of the arterial wall. Thus studies 
of flow characteristics such as velocity profiles, shear 
stresses and pressure gradients had been made in in vitro and 
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in vivo experiments to shed light on the causes of these 
disorders (6,7,8). Since these hemodynamic factors also de­
termined the flow pattern, i.e., laminar or turbulent, stud­
ies on flow patterns also have been made (9,10,11,12). 
Though it is of importance to be able to correct the 
disorders associated with the blood vessels, it is of equal 
importance to be able to diagnose such disorders. Efficient 
and accurate diagnoses facilitate investigations into the 
causes of such disorders. 
Therefore, a knowledge of the velocity profile of blood 
flow is important to the study of hemodynamics. A knowledge 
of the presence of stenosis in blood vessels is of obvious 
practical clinical importance. Also, a knowledge of the 
presence of turbulent flow in blood is of fundamental impor­
tance in studying the causes of vascular disorders. 
Velocity profiles of flow are studied in one of several 
ways; 
1. Flows are observed directly through transparent 
tubes with the aid of dyes. 
2. Birefringent materials such as vanadium pentoxide 
or Hector bentonite exhibit double refractions. 
Visualization of flow containing such materials are 
achieved by observing variations of the intensity of 
the transmitted light with a polarizing filter under 
different shear forces produced by the flow (12,13). 
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3. Point velocity of flow is determined using hot-film 
anemometry (14,15,16). 
All these methods are applied primarily in in vitro flow 
studies. Another method, the ultrasonic pulsed Doppler 
technique, does not injure the blood vessels but generally is 
not applied transcutaneously. By determining the transit time 
required for a reflected ultrasonic pulse to return to its 
source as well as the Doppler frequency of the back-scattered 
signal, one can evaluate the velocity of flow at a point in 
the flow field. Assuming all particles in a small region of a 
flow field move at the same velocity, the transit time deter­
mines the location of the reflecting particles and the 
Doppler frequency shift determines the velocity of the moving 
particles. The technique involves relatively complex elec­
tronic instrumentation and is time consuming because each 
velocity profile is constructed on a point by point basis. 
Detection of stenoses in blood vessels was accomplished 
by one of several ways. Angiography was a frequently used 
procedure. Catherization with radio-opaque dye injection and 
subsequent X-ray or fluoroscopic examination gave the 
investigator a picture of the pathways of blood flow. 
In peripheral arteries, either absence or quality of the 
pulse is an indicator of possible flow obstruction. 
Continuous-wave (CH) Doppler ultrasound is useful in 
some cases to detect presence of stenoses in blood vessels 
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(17,18,19). Frequency shifts in the back-scattered signals 
are converted to voltage amplitude variations and recorded in 
graphic forms. Subsequently, differential evaluations of 
these ultrasonic records in terms of amplitude and time (gen­
eral waveshapes) are made. Recognition of patterns associated 
with different vascular obstructions have been reported. 
Qualitative interpretations of patterns are required. 
In general, the use of ultrasound in the above-mentioned 
studies depends on two characteristics of the ultrasonic 
signals. First, the amount of Doppler frequency shift of the 
ultrasonic signal depends on the velocity of the moving par­
ticles that reflect the ultrasonic beam and their vector ori­
entations. Second, the amplitude of a particular Doppler fre­
quency component in the back-scattered signal depends on the 
number of particles moving with the same velocity. 
These two factors determine a particular ultrasonic 
signal for a particular type of flow pattern. Since a partic­
ular cross-sectional geometry of a blood vessel creates a 
particular flow pattern, the associated ultrasonic signal 
also contains information on the particular vessel geometry. 
This is a pattern recognition problem and the approaches to 
its solution are varied. 
Turbulence in blood flow has been mentioned as a con­
tributing factor in the formation of lesions in blood 
vessels, in the formation of post-stenotic dilatation and in 
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the formation of plaques causing myocardial infarction or 
stroke (1,2,4). In in vitro experiments, turbulence is fre­
quently associated with the presence of a stenosis. A common 
technique is the use of dye injection and visual observation 
of flow. Hot-film anemometry is used also in turbulence 
study. Turbulence intensity is the quantity measured and used 
for comparison (20). CH Doppler ultrasound has been used to 
study flow past disk obstructions in a cylindrical channel 
(21). The amount of Doppler shift of signals at various probe 
angles (beam axis with respect to flow axis) gives an indica­
tion of the nature of flow, i.e., relative "turbulence". 
In living subjects, a number of methods have been tried. 
Palpation and simple listening through a stethoscope for 
sounds generated by blood flow provide an indication of 
turbulence. 
& plug capable of creating turbulence was inserted into 
a major artery of a dog and a dye with affinity toward pro­
teins in the vessel wall allowed to recirculate for an inter­
val of time. Upon sacrificing the animal, damage to the 
endothelial layer of the blood vessel was analyzed from the 
amount of dye absorbed by the vessel tissues (5). 
Cff Doppler ultrasonic signals were spectral analyzed in 
terms of frequency and recorded on graphs (22,23). These 
sound spectrograms were analyzed for different patterns indi­
cating normal flows or flows through diseased arteries caus-
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inq turbulent flows. Qualitative interpretations of the 
spectrograms were necessary with this technique. 
As mentioned, a great deal of study has been devoted to 
velocity profiles, stenoses and turbulence. This investiga­
tion was an attempt to introduce new technigues in these 
studies with the hope that the techniques might be clinically 
applicable. This report describes the method used to evaluate 
velocity profiles transcutaneously by CW Doppler ultrasound. 
The technique makes use of the relationship between the 
velocity profile of flow and the frequency components of the 
reflected ultrasonic signals, A simple statistical technique 
was used to relate the two quantities. The coefficient of 
variation of the time intervals between the peaks, valleys 
(extreme values, i.e., local maxima and local minima) and 
zero crossings of the Doppler signals was used as an index in 
determining the relative flatness or curvature of the 
velocity profiles of flows. This method permitted the use of 
a simpler CW Doppler ultrasonic device instead of a pulsed 
Doppler device. 
Instead of using the "ultrasonic records" for the basis 
of pattern recognition in the study of stenosis, a compara­
tive evaluation of the presence and severity of the stenosis 
in blood vessels was made by comparing the frequency shifts 
of the ultrasonic signals from various locations around a 
stenosis. Frequency determinations were achieved by using the 
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number of zero crossings in a given interval of time in the 
ultrasonic signals. 
In the study of turbulence, the basic approach was simi­
lar to that used by Sigel et al. (21). The frequency shifts 
of the ultrasonic signals using different probe positions 
with respect to the flow axis were compared. Freguency-shift 
determinations were achieved by counting the number of zero 
crossings in a given interval of time in the ultrasonic 
signals. 
Turbulence intensity is commonly used as an index of the 
oscillating components (in all directions) of flow. Instead 
of using the turbulence intensity, a new quantity, 
"turbulence ratio", was used in the present study to evaluate 
the degree of turbulence. Turbulence ratio measured the 
randomness of the components of flow in various directions. 
Increased turbulence in flow was assumed to embody increased 
random components of flow. 
8 
LITERATOBE REVIEW 
Velocity Profiles 
Information on velocity profiles for laminar and 
turbulent flow in smooth, straight, rigid pipes can be found 
in most textbooks on fluid mechanics (20). The velocity 
profile for laminar flow is parabolic. For turbulent flow, 
the velocity profile is flatter than in laminar flow. The 
velocity profile of the turbulent core is usually described 
by a logarithmic equation or power-law relationship and in 
general increases in flatness with increase in turbulence. 
Little theoretical and experimental information is 
available on velocity distributions of flow past a 
constriction in a smooth, rigid pipe. This is especially true 
for flow through a severe constriction at a high Reynolds 
number. But separation and back-flow are known to occur 
behind such obstructions (1,9). Therefore, velocity distribu­
tions for this type of flow in the turbulent regime are more 
complicated than in a straight unconstricted pipe especially 
at a high Reynolds number. 
Measurement of velocity profiles is not an end in 
itself. Effects of hemodynamic forces upon the arterial wall 
have received much attention. Fry (5), in 1968, demonstrated 
that shear forces a few times greater than those calculated 
during systole caused endothelial cell damage in dogs. It had 
been observed that atherosclerotic lesions were formed at 
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certain locations in the arterial system, i.e., bends and 
branchpoints (2) . Thus, characterization of the flow condi­
tions based on a knowledge of the velocity distributions of 
flow having a predilection for such disorders is of fundamen­
tal interest. 
Knowledge of the velocity profiles of flows can provide 
a means of evaluating other important hemodynamic factors 
such as forces of shear drag and pressure gradients. 
Womersley (6), in 1955, reported the theoretical solution of 
the Navier-Stokes equations for velocity distributions and 
viscous shear drag in unsteady flow with known pressure gra­
dients. Womersley's colleagues. Hale et al. (24) and McDonald 
(25) extended the study to animal experiments. (Jchida (7) , in 
1956, reported similar results in an independent study. It 
was not until 1971 that Clark and Robertson (26) reported a 
direct numerical calculation based on the Navier-Stokes equa­
tions to determine the arterial velocity profile. 
The use of pulsed Doppler ultrasound in measuring 
velocity profiles of flows is a recent development. Peronnsau 
and Leger (27), in France, reported the use of a pulsed 
Doppler ultrasonic blood flowmeter in 196?. By range gating 
the pulsed ultrasonic back-scattered signals, the locations 
in the flow field from which the signals were back-scattered 
were detersined. By measuring Doppler frequency shift in the 
back-scattered pulses, the velocities of the reflecting par-
tides were evaluated. The velocity profile was constructed 
by evaluating successive point velocities in the flow field. 
An ultrasonic frequency of 8 MHz at a repetition frequency of 
10 to 20 KHz was used. The pulse duration was 0.5 to 3 ^ s. 
Results from chronic implantations in major arteries of dogs 
indicated that measurements close to the vascular wall were 
inaccurate. The Doppler frequency shifts of the back-
scattered ultrasonic siqnals were not due to a moving point 
source but rather due to a volume of moving particles 
encompassed by the ultrasonic beam of finite pulse length and 
gating time of finite interval. Therefore, the method evalu­
ated the approximate velocity of an approximate region in the 
flow field. 
To improve accuracy. Baker et al. (28), in 1970, de­
scribed a modified technique using focused pulsed Doppler 
ultrasound in the usual manner of range gating. Evaluations 
of point velocities were made taking into consideration the 
pulse shape in terms of its geometry and intensity. The meas­
ured Doppler frequency shift represented the weighted average 
over a sample region and was equivalent to the convolution of 
the sample pulse with the local velocity profile. By deter­
mining the intensity variations of the sample pulse and the 
measured velocity (frequency), the local velocity was evalu­
ated using one-dimensional convolution. This was an involved 
and time consuming procedure. As with the previous technique. 
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measurements close to the wall were found to be inaccccate. 
The method was tried in in vitro studies r>r. laminar flow 
using 5 MHz ultrasonic frequency with a pulse duration of 0.4 
^s. 
Histand and Miller (29), in 1972, reported the 
transcutaneous application of the pulsed Doppler ultrasonic 
technique to measure the velocity profiles in the femoral 
arteries of dogs. Miller et al. (30) evaluated the technique 
on the ascending and abdominal aortas of dogs by implanting 
arterial cuff-type transducers. The ultrasonic frequency used 
was 7 MHz at a repetition frequency of 10 to UO KHz. The 
pulse duration varied from 0.4 to 1.6 jus. The technique re­
quired precise knowledge of the position of the blood vessel 
with respect to the ultrasonic transducer. 
Stenoses 
Interest in the diagnosis of vascular disorders, espe­
cially vascular occlusive diseases, has a long history. 
Shipley and Gregg (3 1), in 1944, reported the effects of an 
external constriction of a blood vessel on blood flow. They 
found blood flow to be a function of surgical trauma inherent 
in the experiments, as well as the expected effect of the 
constriction. 
It was not un^il much later that CW Doppler ultrasound 
was applied to the study of stenosis or occlusive diseases. 
The advantages of safety, simplicity and transcutaneous ap­
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plication attracted numerous researchers, both engineers and 
physicians, into the study. 
Rushmer et al. (18) together with Stegall et al. (19) 
and Strandness et al. (17) , reported in 1966 the use of 
transcutaneous ultrasonic Doppler flow detection as a non­
destructive technique to study occlusive diseases. It was 
shown that when frequency shifts of the back-scattered 
ultrasonic signals were converted to voltage amplitude varia­
tions and recorded on graphs, similar patterns resulted from 
different arterial locations for normal vascular conditions 
(with some exceptions). Arteries with occlusive diseases pre­
sented "sound patterns" with distinct waveforms. 
In 1968, Brinker et al. (32) used CH Doppler ultrasound 
at 5 MHz to detect stenosis at the carotid arterial 
bifurcation. The back-scattered ultrasonic signals were fre­
quency analyzed by passing the signals through four fixed-
frequency bandpass filters centered at 500 Hz, 1 KHz, 1.9 KHz 
and 3.6 KHz. It was found that the spectrograms of ultrasonic 
signals from flows under normal vascular conditions had a low 
frequency band of significantly higher amplitude than all the 
other frequency bands while the reverse was true for flows in 
stenosed arteries. 
Light (33,34,35) and Yao et al, (36,23) repeated studies 
using CW Doppler ultrasound in diagnosing vascular disorders 
using techniques similar to those already described, i.e.. 
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sound spectrograms and frequency shifts to voltage variations 
techniques. Maroon et al. (22), in 1969, demonstrated the ap­
plication of Doppler ultrasound to assess carotid blood flow 
using the flow in the opthalaic artery. A frequency analysis 
was made of the ultrasonic signals. 
In 1968, Young (11) studied flow through a time-
dependent stenosis in a tube. Theoretical considerations of 
the dynamics of flow, i.e., flow rate, shear stresses, and 
pressure gradients, were studied. Young et al. (3,9,10) 
performed more research on the effect of stenosis on the 
hemodynamics of flow in in-vitro vascular models in the 
succeeding years. The study was extended to experiments on 
dogs. In 1970, Forrester and Young (1) reported on flow 
through converging-diverging tubes and its implications in 
occlusive vascular diseases, studies by Eklof and Schwartz 
(37) on the critical stenosis of the carotid artery in the 
dog showed that the effect on blood flow was slight until the 
constriction was above about 75%. 
The Doppler ultrasonic devices used in the study of 
vascular diseases such as stenosis generally were simple 
ultrasonic blood flowmeters. Flax et al. (38), in 1971, pre­
sented a theoretical study on the amplitudes of the frequency 
components of the back-scattered ultrasonic signals in a 
flowmeter as a function of the flow profiles of the fluid and 
the geometries of the transducers and the flow channel 
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intersected by the sound beam. He concluded that zero-
crossing detection by ultrasonic blood flowmeter was a reli­
able measure of the average (cross-section) velocity of flow. 
In the same year. Arts and fioevros (39) reported an improved 
but involved method of evaluating the spatial average 
velocity of blood flow using the CW Doppler ultrasound. 
Turbulence 
The study of turbulence in blood flow had always been 
linked with the study of stenosis, vascular lesions, and 
branching of vessels. Heisner and Bushmer (12,13), in 1963, 
studied eddy formation and turbulence in flowing liquids 
using streaming-birefringent dyes such as vanadium pentoxide 
and benzo-purpurin. These dyes exhibited double refractions 
in various orientations under the viscous shear forces pro­
duced by the flow, flow visualizations using polarizing 
filters were made by observing the light intensity variations 
which depended on the directions of the shear forces. Heisner 
also studied wall vibrations of the tubes conducting the 
flowing liquids using phonocartridges. It was found that at 
sites of disturbed flow, turbulence occurred with the 
Reynolds number as low as 800. Also, propagation of turbulent 
flow depended on the flow rates with lower flow rates having 
only localized turbulence. 
Roach (4), in the same year, reported experiments to 
study the production and time course of post-stenotic 
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dilatation in the femoral and carotid arteries of dogs. It 
was observed that thrills and bruits were present whenever 
poststenotic dilatation developed. Also, dilatation was ob­
served whenever turbulence was present at the post-stenotic 
region. 
Further in vitro and in vivo studies of the effects of 
turbulence on atherosclerotic lesions in the hemic systems 
were reported by Wesolowski et al. (2) in 1965. Turbulence 
was defined as any departure from laminar flow. Subsequently, 
various types of turbulence were described. Studies on sites 
of predilection to atherosclerosis indicated that turbulence 
at these sites enhanced the onset of atherosclerotic lesions 
by causing critical injuries in the wall as a result of high 
freguency vibrations or interference with the supply of local 
nourishment to the endothelial cells. 
In 1970, Sigel et al. (21) studied turbulence in flows 
past disk obstructions inside a cylindrical channel using CW 
Doppler ultrasound. He found that the time-average frequency 
deviations of ultrasonic signals from turbulent flows at var­
ious angular probe positions were less than when the flows 
were laminar. He suggested that this finding provided a way 
to distinguish laminar from turbulent flow. 
In the same year, the use of Doppler ultrasound to study 
turbulence in relation to vascular disorder was reported by 
Yao and Needham (23). They observed that spectrograms of the 
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ultrasonic signals from flow past a stenosis in an artery ex­
hibited higher amplitudes for higher freguency components 
with a corresponding drop for the middle frequency range com­
ponents. The phenomenon was attributed to turbulence in the 
blood flow. 
17 
THEORETICAL CONSIDERATIONS 
Introduction 
Frequency shift (proportional to object velocity) of 
acoustic waves reflected from a moving object is well known. 
The "Doppler Effect" was first described by Christian Doppler 
in 1842 (40) as cited by Maroon et al. (22) . When more than 
one moving reflector is present, the reflected signal con­
sists of the sum of the different frequency components corre­
sponding to the different velocities. The amplitude of each 
frequency component corresponds to the number of moving 
objects having the same velocity and projected cross-section. 
The expression describing the reflected signal is of the form 
ÉALsin ( UJ<.(1 + 2(Vl/C) cos-^) t+^L) (3-1) 
where 
n =number of different velocities. 
AL=amplitude of a frequency component. 
u>e=ultrasonic carrier frequency. 
v[=velocity of the moving object. 
-ô-i,=angle between the ultrasonic beam and the 
direction of motion of the object. 
c =speed of sound in the medium. 
0L=phase shift of the frequency component. 
Dltrasonic energy is produced by the electrical 
exitation of a piezoelectric crystal at its resonant frequen­
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cy (usually MHz in biological applications) . For reception of 
the reflected signal, a second similar piezoelectric crystal 
transduces mechanical vibrations into electrical energy. 
Therefore, two crystals are mounted on a probe. The first 
crystal generates the transmitted sound while the second 
crystal continuously transduces the reflected signal. 
When the receiving crystal is situated alongside the 
transmitting crystal in a common probe, an increase in fre­
quency in the reflected signal results if the object moves 
against the direction of propagation of the ultrasound, i.e., 
toward the probe. A decrease in frequency results when both 
obiect and transmitted ultrasound moves in the same direc­
tion, i.e., away from the probe. Some ultrasonic devices can 
differentiate the direction of motion and are described as 
bi-directional. Others cannot make this differentiation and-
are said to be unidirectional. 
Two frequency components appear at the receiver: the 
original fregaency signal; and a shifted frequency signal. 
Envelope detection in the receiver eliminates the original 
fregaency and preserves the beat frequencies for further 
processing. The beat frequencies form a signal described by 
SAi sin (2 (vi/c) (cos4%)u^t+^^) (3-2) 
Setting 2 (vl/c) (cos-e-L) co<.= expression (3-2) becomes 
2Ai sin ( oJ^t + ^i. ) (3-3) 
1-1 
where 
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c«i.=anqular beat frequencies. 
The amount of phase shift <f>\. depends on the distance of 
the reflecting object from the receiving ultrasonic probe, 
sound velocity in the medium and the carrier frequency. 
The output of the ultrasonic device is the beat frequen­
cy siqnal (Doppler signal) in the audio frequency range. The 
terms data siqnal and data frequency used subsequently refer 
to this beat frequency siqnal. 
When CW Doppler ultrasound is reflected from a flowing 
mixture, the Doppler signal contains frequency components 
proportional to the different velocities of the moving parti­
cles in the flow. This suggests the possibility of using CW 
Doppler ultrasound transcutaneously to evaluate the velocity 
profile of flow, and to determine the presence of stenosis 
and turbulence. 
Velocity Profiles 
An obvious method to obtain information about the fre-
guency components in the CW Doppler signal is to use spectrum 
frequency analysis. But the phase and spatial information of 
the frequency components are not retained in such an analy­
sis. Also, correlation of the amplitude and distribution of 
the frequency components in the spectrum with the velocity 
profile is yet to be studied. The technique is a two-step 
process, A one-step technique is investigated here. 
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The method proposed to evaluate the velocity profile of 
flow using CW Doopler ultrasound consists basically of deter­
mining the coefficient of variation of the time intervals be­
tween the extreme values and zero crossings of the Doppler 
signal (Aopendix C). It will be shown that this coefficient, 
which will be called FINDEX in this report, is a function of 
the freguency content of the signal. 
Coefficient evaluation consists of finding the extreme 
values and zeroes of expression (3-3), 
S Ai.sin (uJi,t+5ii, ) 
0<0^t<2? , ^1=0 (3-3) 
for different values of N. 
The peaks and valleys (extreme values) are the roots of 
eguation (3-4) which is the derivative of expression (3-3) , 
Î * Q » f 
1 w^cos ( tOi.t+^i, ) =0 (3-4) 
Given an arbitrary waveshape as shown in Fig. 1 (a) , the 
zeroes of the function are easily seen. The derivative of the 
function is plotted as shown in Fig. 1 (b). The intervals be­
tween zero crossings in Figs. 1(a) and (b) are the quantities 
for which the coefficient of variation, FINDEX, is to be com­
puted. 
The standard deviation, s ,  of the set of variables, x, 
is as shown in equation (3-5). 
Fig. 1(a). An arbitrary function. 
Fig, 1(b)c Derivative of the function. Intervals between the 
extreme values and zero crossings of the function are indi­
cated by x's. 
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(xi-xm)2+(xz-%m)=+ (*- ^ » 
s=( f (3-5) 
n 
where 
s =standard deviation. 
n =number of intervals. 
x„=the mean interval. 
A closed form analytical solution to the problem of com­
puting the x's is not available. The behavior of the roots of 
equations (3-3) and (3-4) is analyzed first. The relation be­
tween the root's behavior and the coefficient of variation is 
next explained. 
To illustrate the movements of the zeroes and extreme 
values as the frequency components increase in incremental 
value, equation (3-3) is solved numerically with uJ/2ïï 
incremented by 0.1 from 1.10 to 1.90 and N from 1 to 9. Table 
1 (a) shows the locations of the extreme values and zeroes. 
All terms are assumed to have unity amplitude with zero phase 
laq. 
A constant phase laq is introduced into equation (3-3) 
and solved for a similar range of frequency components as 
shown in Table 1(a). The results are shown in Table 1(b). The 
value of 0.05 radians phase lag is chosen as a typical value. 
Two things can be observed from Tables 1 (a) and (b) as the 
frequency components of the signal increase: 
1. The number of critical points (values) increases. 
2a 
2. The intervals between the critical points cover 
a wider range of values. 
Table 1 (a) . Extreme values and zeroes of equation (3-3) for 
various frequency components (increment by 0.10). 
uyZTT Location of extreme values and zeroes FINDEX 
2%=100 units 
1.10 0 25 48 72 96 0.0283 
1.20 0 24 46 69 91 0.0364 
1.30 0 23 44 66 87 0.0381 
1.40 0 22 42 63 84 0.0337 
1.50 0 21 41 60 81 99 0.0589 
1.60 0 20 39 57 77 94 0.0620 
1.70 0 19 38 55 75 90 0.0994 
1.80 0 18 36 53 72 85 0.1234 
1.90 0 18 35 50 69 81 0.1532 
Table 1(b). Same as Table 1(a) except a phase lag component 
of 0.05 for each successive frequency component is added. 
^'2n Location of extreme values and zeroes FINDEX 
2ir = 100 units 
1.10 24 48 72 95 0.0199 
1.20 23 45 68 91 0.0208 
1.30 21 43 64 86 0.0218 
1.40 20 41 61 83 0.0389 
1.50 19 39 58 79 97 0.0573 
1.60 18 37 55 76 92 0.0974 
1.70 17 35 52 73 87 0.1429 
1.80 16 34 50 70 82 0.1793 
1.90 15 33 48 67 77 93 98 0.3527 
With the unit interval as 2ir, the mean interval becomes 
smaller as the number of roots or N increases, increasing the 
value of the coefficient of variation, also, the standard de-
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viation would be zero if all the values in the set converge 
at one value. There would be no deviation from the mean since 
each value equals the mean itself. But as the variations in 
the values increase, the standard deviation of the set of 
values would increase. Therefore, a signal containing more 
frequency components has a greater coefficient of variation. 
Since the above analysis is only "semi-analytical", a 
numerical solution for the roots and the intervals between 
these roots of equations (3-3) and (3-4) was attempted. 
It can be observed that the constant phase lag of each 
sinusoidal term does not alter the conclusion drawn - that 
the FINDEX tends to increase with an increase in frequency 
components of the signal. For simplicity, the phase lag term 
is omitted in the following example wherein a larger frequen­
cy increment is used to show the described relationship in a 
wider range of frequencies. 
A Doppler signal from a moving point object contains 
only one pure sinusoidal waveform (N=1). It is obvious that 
intervals between the extreme values and zero crossings of 
this sinusoid are equal to H/2. The standard deviation of a 
series of equal constants is zero. Therefore, the coefficient 
of variation which is the standard deviation over the mean is 
also zero. If the fluid flow has only one velocity (straight 
line velocity profile), then it has a Doppler signal of only 
one frequency. The coefficient of variation that typifies 
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this velocity profile is zero. 
Assume now that the Doppler signal is composed of two 
sinusoids (N=2, two velocities) of equal amplitudes and of 
the form sin(x)+sin(2x). To obtain the coefficient of varia­
tion of this composite signal, the locations of the extreme 
values and zero crossings must be determined. 
To obtain the zero crossings, 
sin (x)+sin (2x) = 0 (3-6) 
sin (X)+2sin (X)  cos (X)  = 0 
sin(x) (1 + 2cos(x)) = 0 
sin(x) = 0 X - 0, 180, 360 degrees 
1+2cos(x) = 0 
cos(x) = -1/2 X = 120, 240 degrees 
To obtain the extreme values, the derivative of the 
composite waveform is set to zero. 
cos (x)+2cos (2x) = 0 (3-7) 
Making use of the identity 2cos2 (x) =1+cos(2x) , an algebraic 
eguation results. 
4cos2 (X)+COS (x)-2=0 (3-8) 
The roots are 53.6, 147.5, 212.5 and 306.U degrees. 
Therefore, the critical points (extreme values and zero 
crossings) are 0, 53.6, 120, 147.5, 180, 212.5, 240, 306.4 
and 360 degrees. The intervals in degrees for which the coef­
ficient of variation is to be computed are 53.6, 66.4, 27,5, 
32.5, 32.5, 27.5, 66.4, and 53.6. The coefficient of varia-
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tion is 0.35. 
It can be seen that this kind of analysis becomes diffi­
cult for higher values of N in terms of an analytical solu­
tion. But the method can be written into a digital computer 
program and the results obtained with ease and reasonable ac­
curacy. using this technigue and 100 sampling points on the 
fundamental freguency, the coefficient of variation of 
composite waveshapes of the form ssin(mx) is tabulated in 
Table 2 for N from 1 to 8 and m increasing in increments of 
1 .  
Table 2, Coefficient of variation (FINDEX) for waveshape 
of the form 2sin(mx) using numerical approximation. 
N 
C.V. 
- number of sinusoidal terms. 
- coefficient of variation. 
R 
C.v. 
- 1 2 3 4 5 6 
- 0.0 0.39 0.48 0.60 0.63 0.66 
7 8 
0.72 0.80 
When the mixing of freguencies is considered, there are 
approximately three sample points per cycle for the highest 
frequency component in the signal ^sin (mx) . For signals with 
higher frequency components, a higher sampling rate is re-
guired (41) . 
It must be remembered that the example describes only 
reflecting particles moving at velocities that are integral 
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multiples of the lowest velocity. The resulting velocity 
profiles detected by the ultrasonic beam are thus staircase 
in shape, 
A smooth continuous velocity profile can be described by 
an analytical equation. Since numerical analysis requires ap­
proximations in the solution, the smaller the steps in the 
staircase waveshape approximation, the closer the numerical 
method approximates the analytical method of analysis. This 
involves fractional-frequency sinusoidal terms. The following 
analysis on two models of flow demonstrates the technique. 
The first flow model assumes a flow between two infinite 
flat plates as shown in Fig, 2. The velocity changes across 
the y-axis but remains constant along the z-axis. An 
ultrasonic beam radiating down and oblique to the y-axis will 
be reflected by moving particles in the flow field. The back-
scattered ultrasonic signal is a composite signal containing 
various freguencies proportional to the different flow 
velocities. 
The Doppler signal, S, is assumed to be the sum of a 
series of sinusoids whose frequencies are dependent on the 
velocities of the moving particles. Since the small constant 
phase lag difference between each successive layer did not 
alter the conclusions of the analysis when it was neglected, 
it is omitted in the following model study. The Doppler 
signal 
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Fig. 2. One-dimensional view of flow through two flat plates 
showing the parabolic velocity profile for laminar flow. 
where 
2n= total number of frequencies in the signal. 
hi- amplitude of the sinusoid. 
fL= amount of Doppier frequency shift, 
t = time in seconds. 
But f i ,  = 2{Vi./c) f„ cos(-fr-^) (3-10) 
where 
fo= carrier frequency of the ultrasonic device. 
•&l= angle between the direction of propagation of the 
ultrasonic beam and the direction of motion of the 
reflecting object. 
c = ultrasonic velocity in the propagating médias. 
S = s Ai sin (2ïïf i.t) (3-9) 
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7^= velocity of the moving particle. 
So S = 1 sin (2ÏÏ (2 (vi,/c) f„ cos t) 
= 2A-,sin (2ïïX{,t) (3-11) 
where 
= fi, a form of normalized frequency. 
The coefficient is expected to vary for signals contain­
ing different frequency components. The range of velocities 
in a velocity profile determines the range of frequency com­
ponents in the Doppler signal. To study velocity profiles 
containing various ranges of velocities (frequency compo­
nents) , a velocity profile of the form v=ky* is used. By 
varying k, different maximum velocities are obtained. Fre­
quency (velocity) can be expressed as X. In this way, normal­
ized frequency is represented along the x-axis while the 
depth of the fluid flow from which a component of signal is 
being received is represented by the y-axis (Fig. 2) . 
Therefore, one can set 
whe re 
7=0, at either wall of the infinite plates and 
k = a constant for a particular velocity profile. 
This profile provides an approximate "parabolic" frequency 
content for the Doppler signal. 
The flow channel (along the y-axis) is subdivided into 
2n layers of equal thickness symmetrical about the central 
X = ky'i (3-12) 
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axis. The fluid is considered to be homogeneous such that the 
reflecting particles are uniformly distributed in the flowing 
medium. The ultrasonic beam is assumed to be non-divergent, 
also, the attenuation, dispersion, refraction and multiple 
reflections are all neglected in this ideal system. With 
these assumptions, the amplitude of the ultrasonic Doppler 
signal (A) coming from each layer can be taken to be unity. 
Furthermore, it is sufficient to sum n layers only since 
S. = 2 sin (2irXi. t) = ^ sin (2ïïXi,t) 
Sp = 1/2(S) (3-13) 
The coefficient of variation of the time intervals be­
tween the extreme values and zero crossings is not changed by 
the amplitude multiplying factor of the signal just as the 
number of peaks or zero crossings of a sinusoid is not depen­
dent on its amplitude. 
A model with 100 layers of equal thickness is used. The 
parameter n is set to 50. Therefore, y varies from 1 to 50. 
If k=0.2, then by XL=ky*, Xl varies from 0.2 to I.U. 
Therefore, the parabolic velocity profile using k=0.2 con­
tains freguencies up to 1.4 normalized Hz. For k=2, the 
profile (and Sp) contains up to 14.1 normalized Hz. The 
velocity profiles of the two cases are shown in Fig. 3. The 
profile with k=0.2 is said to be flatter than the one with 
k=2. 
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A computer program in FOCAL interpretative language (Ap­
pendix A) was written to solve for the coefficient of varia­
tion of the time intervals (space intervals in the numerical 
solution) between the extreme values and zero crossings of 
Sp = |sin(2ïïXLT) (3-14) 
T = 0.01, 0.02, 1.00 
T, normalized time, is in increments of 0.01 units, and 100 
units or sample points are used to construct the composite 
signal. 
The choice of 100 data points is arbitrary but makes use 
of the maximum storage space of the FOCAL program. It sets a 
limit on the lowest freguency in the composite signal that 
will be completely sampled. The 0.01 units increment sets a 
limit on the highest frequency that can be included in the 
signal before the sampling rules are violated (41). With a 
fixed total sample interval of 2ÏÏ radians, a normalized fre­
quency lower than one Hz will not be completely sampled while 
one that is higher than 20 Hz will be sampled less than five 
times per cycle. Due to the mixing of the various frequen­
cies, an upper limit of approximately 10 normalized Hz can be 
expected to satisfy the sampling rule. 
a plot of results with normalized frequency x„ as the 
abscissa is shown in Fig. 4. The curves were drawn free-hand. 
is the highest normalized frequency in a given profile and 
is equal to 7.07k. Curves for flow models using 100 and 80 
Fiq. J. One-half of the velocity profile based on X=ky% for 
k=0.2 and k=2.0. 
fiq. U. FINDEX values from numerical solutions of two models 
of flow. 
A - Cylindrical model : . 100 and 80 layers. 
B - Infinite flat-plates model : x - 100 and ? - 80 layers. 
FINDEX 
Fig. 5. Paraboloid velocity profile for laminar flow inside 
a smooth rigid cylindrical tube. 
Fiq. 6. Cross-section of cylinder showing equally spaced 
concentric layers of flow. 
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layer approximations are shown in the figure. It is seen that 
the coefficient increases with increase in the maximum nor­
malized frequency or in the curvature of the velocity 
profile. Therefore, it can be said that the coefficient is 
proportional to the signal frequency content. Estimate of the 
computational error can be found in Appendix F. 
A second model assuming cylindrical flow is next 
analyzed. The velocity profile of such a flow field is shown 
in Fig. 5. It is a paraboloid for laminar flow. All assump­
tions made are similar to the infinite flat-plates model 
except for the relative signal amplitude from each layer of 
flow. In the previous model, each layer of flow contributed 
one sinusoid of unity amplitude. In the cylindrical model, 
the "layers" are circular concentric rings (cross-section). 
The 100-layer model in the former case is the equivalent of a 
50-ring model in the latter. It is obvious that the areas of 
the rings are not the same when the width of the rings are 
equal. Therefore, the amplitude of the sinusoid contributed 
by each ring must be weighted by the relative size of the 
area. 
Strictly speaking, the volume of moving flcid "seen" by 
the ultrasonic beam is different for different probe angular 
positions with respect to the flow axis. As an approximation, 
circular geometry will be used to illustrate the method of 
assigning different amplitudes to different frequency compo­
38 
nents. 
Equal-width annular areas are shown in Fig. 6. The ratio 
of the area of the inner ring, the outer radius 
and the inner radius) to the area of the outer ring, A„, 
(r„, the outer radius and r^.i, the inner radius) equals 
An-i/An= {TTr2.i-irr2^)/{TTr2 -irrZi) (3-15) • 
Assume n rings of thickness R/n each, 
^n-i - ^ «-2 = r/n 
- r„.i = R/n (3-16) 
After algebraic manipulation and substitution, 
An-i/A„ = (nrn - 1.5R)/(nr„ - 0.5R) (3-17) 
where 
r„ varies from rn=R to r„=2R/n by decrement of R/n. 
For ease of analysis, R is taken to be unity and the 
outermost ring (R, its outer radius) is used as a reference 
such that the amplitude of the sinusoidal term from this ring 
is unity. The computer program in FOCAL is shown in Appendix 
B. The results are plotted in Fig. U. Similar conclusions are 
drawn from the cylindrical model as from the infinite flat-
plate model. 
The above analysis of the composite signal assumes that 
the ultrasonic beam is straight, non-divergent both in 
radiated and back-scattered directions, lossless and non-
dispersive. Plane-wave reflections are assumed to occur and 
no multiple reflections exist. Consideration of phase shift 
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of each frequency component in the Doppler signal and oblong 
geometry of flow seen by an ultrasonic probe in an angular 
position (probe axis with respect to flow axis) is also ne­
glected. 
The values of the coefficient of variation are subject 
to errors inherent in the scheme of numerical approximation 
and truncation of values in the solution. As an example, the 
FINDEX value for N=2 in Table 2 is 0.39. The theoretical 
value is 0.35. A discussion on computational error is includ­
ed in Appendix F. 
The absolute frequencies in the Doppler signal are not 
as important as the relative frequencies it contains. A pure 
1 KHz Doppler signal has a zero coefficient of variation just 
as a 2 KHz signal has. If the same profile is assumed, i.e., 
parabolic, exponential etc., a signal containing 1 KHz to 2 
KHz components will have the same coefficient of variation as 
one containing frequencies from 2 KHz to 4 KHz. The 
waveshapes appear similar except that one occurs twice as 
often as the other. The relative positions of the critical 
points, i.e., extreme values and zero crossings, are the 
same. Therefore, the coefficient of variation, being a nor­
malized quantity itself is the same for both cases. 
In practice, the lowest flow velocity that contributes a 
detectable Doppler signal frequency component is not known. 
Even with the knowledge of the flow characteristics such as 
ao 
the no slip condition at the boundary, viscosity and 
continuity of flow, one cannot say that the lowest frequency 
or fundamental frequency in the Doppler signal is the same 
for different fluids, different fluid conducting mediums or 
different ultrasonic instrument systems. It is dependent on 
the instrument sensitivity and bandpass characteristics. 
Therefore, comparison must be made for the same system 
of flow - same fluids, same Plexiglas flow channels or 
elastic blood vessels. As an approximation, one can take the 
lover range of the Doppler signal frequency component to be 
about the same for a given ultrasonic measuring system 
close to zero. 
The procedure described above gives only a qualitative 
comparison of the flatness or curvature of the velocity 
profiles. To quantify the velocity profile of laminar flow 
based on the assumed general waveshape such as parabolic, one 
point in the given profile must be known. A good point to 
evaluate is the peak velocity. The number of zero crossings 
in a given interval of time in the Doppler signal can be used 
to determine the maximum velocity in a given flow. Another 
way is to use spectral frequency analysis to determine the 
maximum frequency component in the Doppler siqnal. In 
practice, back flow, separation, and turbulence would require 
calibration to be done with the system using known velocity 
profiles. 
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To show how the coefficient of variation may not be 
unique, one can compare the velocity profiles of different 
shapes. Observe Fiqs. 7(a) and 7(b). The two velocity 
profiles have the same coefficient of variation since the 
composite waveforms qive Doppler signals containing identical 
sinusoidal terms. 
One can look at the uniqueness problem in the following 
way. Given a series of positive constants in increasing order 
A(1),A (2) , ,A(n) (3-18) 
The standard deviation and mean of the series can be computed 
and thus the corresponding coefficient of variation is ob­
tained. 
If one is restrained to arrange a given series only in 
increasing order (each value in the series representing a 
velocity in a velocity profile of fixed shape) and the incre­
ment is also specified, another series of the form 
A(1),A(2), - - - - ,A(n+1) (3-19) 
will have another coefficient of variation different from 
the first series. One can see the one to one correspondence 
in this case. 
Nov, if one is allowed to rearrange the sequence of con­
stants in the series, the mean and standard deviation obvi­
ously will remain the same. The series, A(1),A(2) - - - -
,A(n), will have the same coefficient of variation as the se­
quence, A(2),A(1), - - ,A(n), - - ,A(n-1). The only differ-
Fiq- 7(a). Semi-circular velocity profile. 
Fig. 7(b). Discontinuous velocity profile having all por­
tions of a semi-circle. It has the same FINDEX value as the 
semi-circular profile. 
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ence between the series and the sequence is the order of the 
appearance of the constants (shape of the profile at a par­
ticular point). Thus there is no uniqueness to the coeffi­
cient of variation of the set of numbers. 
It must be remembered that the above discussion only 
refers to an homogeneous fluid medium. Another assumption 
needed is an assumed general shape for the velocity profile. 
These together determine the amplitude of the frequency com­
ponents in the Doppler signal as well as the uniqueness of 
the coefficient of variation with respect to the velocity 
profile. 
Stenoses and Turbulence 
Flow through a constriction in a tube offers two charac­
teristics that can be used to detect the presence and loca­
tion of the stenosis or constriction. 
First, the rate of flow in a tube, the area of the tube 
and the velocity of the flow are related by 
q = au vu (3-20) 
where 
Q = rate of flow. 
Au= area of flow channel. 
Vu= spatial average velocity of flow. 
For a given rate of flow, continuity demands the 
velocity of flow of an incompressible fluid at the 
constriction be greater than before the constriction, 
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(au7u)/(acvc) = 1 
and Vu/Vc = Ac/Au (3-21) 
where 
Ac=area at the constriction. 
Vc =velocity of flow at the constriction. 
The velocity of flow is related to the number of zero 
crossings in a given interval of time in the Doppler signal 
by 
Z = aV + b (3-22) 
where 
Z=number of zero crossings in a given interval of time, 
a=slope of the zero crossings-velocity line. 
V=velocity in cm/s. 
b=zero-crossing intercept of the line. 
For an ideal system, b equals zero. The area ratio 
Au/Ac = Zc/Zu (3-23) 
where 
Zu=zero-crossing value of unconstricted region of flow. 
Zc =zero-crossing value of constricted region of flow. 
If b is not zero, the area ratio 
Au/Ac = (Zc-b)/(Zu-b) (3-24) 
Second, flow through a constriction creates turbulence 
when the constriction is severe. Turbulent flow generates 
random radial components of flow of high velocities. The 
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fluctuating radial component of flow increases the frequency 
of the Doppler signal taken with a transverse probe position. 
Comparison of frequencies in the Doppler signals obtained 
from adjacent locations along the flow path can be made to 
detect such a condition of flow. 
In biological systems, a third useful characteristic 
exists. Constriction in a blood vessel can cause more blood 
to flow through collateral blood vessels or the associated 
bilateral vessel as in the case of the brain vasculature. In 
effect, decreased flow generally exists through the stenosed 
vessel. The ultrasonic signal can be expected to decrease in 
strength correspondingly. 
When flow in a straight tube or blood vessel is being 
analyzed, constriction or stenosis is suspected if turbulence 
exists in one segment of the flow stream and not in an 
adjacent segment. Random fluctuation of moving particles 
characterizes turbulent flow, and it is reasonable to expect 
that the freguencies of the "in-line" component of flow 
transduced by the ultrasonic beam in different angular probe 
positions will not deviate as much from each other as when 
the flow is laminar. A "turbulent ratio", angular over trans­
verse (probe position with respect to flow axis) zero 
crossings, can be used to measure the randomness of the fluc­
tuations of the flow components. 
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To verify the theoretical considerations presented, in 
vitro and in vivo experiments were performed. The FINDEX co­
efficient was studied in a straight rigid plastic tube as 
well as at the pre-stenotic and post-stenotic locations of a 
symmetrically constricted plastic test model. Technigues to 
detect stenoses and turbulence were investigated on the 
plastic test model. Studies of the velocity profiles, 
stenoses and turbulence were also made on canine carotid 
arterial blood flow. 
ae 
m VITRO EXPERIMENTAL APPARATUS AND PROCEDURE 
Models with axially symmetric constriction were used for 
some of the in vitro experiments undertaken in this investi­
gation. These models were originally designed and constructed 
for use in another project conducted in the same laboratory. 
The shape of the stenosis was a cosine curve having an equa­
tion 
where 
r=radial distance from the center line. 
R=radius of the tube. 
<5=height of the stenosis from the wall. 
z=axial distance from the crest of the stenosis. 
Z=one-half the stenosis length (Fig. 8) . 
Two models, one having a mild constriction (M-l) and the 
other having a severe constriction (H-3), were used. Table 3 
summarizes their geometrical characteristics. Details of con­
struction of the models can be found in the reference by 
Young and Tsai (9) . 
Table 3. Model Geometry. 
r/R = 1-(<S/2R) (1+cos (ÏÏZ/Z) ) |z/Z|<1 (4-1) 
Model No. R(cm) ^/B. Z/R 
% reduction in original 
lumen area 
M-1 
M-3 
0.945 0.333 
0.945 0.667 
4 
2 
5656 
89% 
Fiq. 8. Side-view of section of plastic test model. 
Fiq. 9. Steady flow apparatus. 
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To study laminae flow, a 0.35 cm ID straight, rigid, 
plastic tube was used. Measurements were taken 150 diameters 
from the entrance. Flax et al. (38), using milk solution and 
rectangular ultrasonic transducer elements, have demonstrated 
that the amplitude of the frequency components of the CW 
Doppler ultrasound for laminar flow was relatively constants 
They also showed that the range of freguency components in­
creased with increase in flow velocity. These factors were 
also descriptive of the theoretical models considered in this 
investigation. An example of spectrographs for laminar flow 
obtained by Flax et al. is shown in Fig. 15. 
A maior concern of this investigation was the choice of 
solution used as a blood substitute. Bovine milk, starch-
water, glass microspheres-water and glycerol-water-sodiun 
chloride suspensions were used. Neutral buoyancy, homogeneity 
and size comparable to blood cells were the important parti­
cle characteristics considered. 
Red blood cells have an average diameter of 8 ju . The 
largest group of particles in milk is the fat globules. They 
vary in size up to 24 JJ (42) • Hollow glass microspheres* used 
iFTD-202 glass-microspheres made by Emerson and Cumings, 
Incorporated, Canton, Mass. 
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ranged in size (diameter) from lOyJ to 100 JU . Potato starch: 
consists of granules ranging in size (length) from 1 jj to 120 
jJiUl) . Sodium chloride crystals that remained in suspension 
in glycerol solution varied in size (across a face of its 
structure) up to 400 JJ . 
The wavelengths of the ultrasound used were 700 p and 
160yU . Thus, the sizes of particles used were comparable to 
one acoustic wavelength. The resultant mode of sound 
reflection was the type known as Rayleigh scattering (44) in 
which the waves are reflected in all directions. 
The direction of propagation of the transmitted 
ultrasound was parallel to the probe axis. No Doppler fre-
guency shift would be noted if the beam was transverse to the 
particle motion and plane-wave reflection existed. A direct 
result of Rayleigh scattering was that a probe at a trans­
verse position with respect to the flow axis was able to re­
ceive Doppler freguency-shifted waves. Such signals are 
understandably weak when little radial component of flow 
exists. Rayleigh scattering introduces spectral broadening of 
the reflected ultrasound (US) because the angle between 
reflected beam direction and direction of motion of a parti­
cle varies between different particles. 
iMade by J.T. Baker Chemical Co., Phillipsburg, New 
Jersey, 
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Heasarements were taken on two different systems. The 
steady flow system is shown schematically in Fig. 9. Since 
blood flow is pulsatile, a pulsatile flow system was used 
also. Except for an additional pump, an electromagnetic 
flowmeter^, and one-way ball valves, the pulsatile system was 
similar to those used for steady flow. This system is shown 
schematically in Fig, 10. Flow was maintained through the 
recirculating system using a constant-head upper reservoir. 
Flow rate, determined by measuring the volume of fluid col­
lected in a calibrated vessel during a given time interval, 
was controlled by either an adjustable clamp or a ball valve 
on the tubing leading to the lower reservoir. An electromag­
netic flowmeter was used to measure the instantaneous flow 
velocity in the pulsatile experiments. 
Potato starch suspended in distilled water at room tem­
perature (specific gravity 1.03) constituted a fluid used in 
the steady flow system. Temperature fluctuations within each 
experimental run were held to less than 2 'C. The starch solu­
tion did not remain in homogenous suspension for long periods 
of time and was stirred before the start of each experiment. 
The starch settled and collected particularly just preceding 
the constriction. To minimize the effect of this sedimenta-
iModel BL-610 made by Biotronics Laboratory Incorporat­
ed, Silver Spring, Saryland. 
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tion on flow, the test section was flushed between data 
recordings. Another suspension used in the steady flow system 
consisted of distilled water and hollow glass microspheres. 
The powder-like glass microspheres were mixed with distilled 
water in a large beaker, retaining only the suspension frac­
tion of the mixture. For steady laminar flow study, bovine 
milk (homogenized) was the solution used. 
The fluid used in the pulsating flow system consisted of 
71% qlycerol-water with sodium chloride granules added in a 
proportion of 2.6% by weight. The sodium chloride, which went 
into suspension as well as ionic dissociation in the mixture, 
served not only to reflect the ultrasound, but also as an 
electrolyte for the electromagnetic flowmeter. 
Two unidirectional Doppler ultrasonic instruments were 
used. Dnit 11 operated at a frequency of 2.2 MHz (Fig. 11). 
The transducer elements were 1 cm radius semi-circular 
piezoelectric crystals. Unit 2^ operated at a frequency of 
9.5 MHz (Fig. 12). The transducer elements were 3 mm x 8.5 mm 
rectangular crystals. Acoustic coupling between the 
transducers and the plastic test model was achieved using 
1 Echo-Tone distributed by Metrix Incorporated, Denver, 
Colorado. Used primarily as a fetal heart beat detector. 
ZModel 803 made by Parks Electronics Laboratory, 
Seavsrton, Oregon. Used primarily as a blood flowmeter. 
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Fig. 10. Pulsatile flow apparatus. 
Fiq. 11. 2.2 MHz ultrasonic device showing a test model 
under the ultrasonic probe. 
Fiq. 12. 9.5 MHz ultrasonic device. 
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Aquasonici coupling gel. 
The Doppler signal from tests using the constricted 
models was recorded on magnetic tape using an audio stereo 
tape recorder^. One channel was used in the steady flow ex­
periments while both channels were used in the pulsatile flow 
experiments, the second channel being used to record a timing 
signal marking the start of each pulsating cycle of flow. 
The recorded signals were analyzed using a digital com­
puters having an analog to digital conversion capability. 
Signal analysis was performed using two computer programs. 
The programs were tested using sinusoidal signals of various 
freguencies, amplitudes, distortions and DC offsets prior to 
use. 
In the first program (Appendix D), the computer sampled 
4096 data points on keyboard command by pressing on any char­
acter other than A. The data samples were stored in Field 1 
of the memory, Subseguently, the data samples were searched 
iMade by Parker Laboratories, Inc., Irvington, New 
Jersey. 
ZModel TR 1040 distributed by Allied Radio Corporation, 
Chicago, Illinois. 
3PDP8/e made by Digital Equipment Corporation, Maynard, 
Rass. 
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for peaks, valleys and zero crossings^. The locations of num­
bers representing the critical points in the core memory were 
coded and stored on a digital tape cartridge^. Printout of 
the number of zero crossings for the interval of time used in 
the sampling process (200 ms for steady flow and 100 ms for 
pulsatile flow) was available. By pressing the character A on 
the keyboard, zero-crossings of previously stored sampled in­
tervals of the same flow velocity (5 intervals) were aver­
aged. 
The development of a criterion of judgement as to what 
constituted a peak or a valley reguired a decision of some 
importance. As an example, the sequence of numbers 2,3,5,4,5 
is said to have a peak and a valley. It was easy to detect 
changes in the slopes of the signal but slight fluctuations 
of the signal voltage could be the result of noise 
originating in the intrumentation. 
Under no flow condition, the Doppler signal recorded on 
tape was "zero voltage"; but the output voltage would 
fluctuate about the zero voltage due to noise and produce an 
anomalously high number of peaks, valleys and zero crossings. 
iThe program as written contains other accessory func­
tions required for checking the proper operation of the pro­
gram. 
^Computer magnetic tape made by Tri-Data Corporation, 
Mountain View, California. 
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To minimize the effect of instrument noise, the data points 
were passed through a computational low-amplitude "ripple" 
filter. A numerical difference of 3 between successive peak 
and valley was required before a change in slope of the 
signal was recognized. The effect of this slope-window on the 
coefficient of variation is shown in Figs. 13 and 14. A nu­
merical threshold of 3 (9 mv) was considered adequate to min­
imize the effect of noise fluctuations. There is an offset of 
the FINDEX due to instrument noise (Appendix F). 
In the second computer program (Appendix E) , the inter­
vals between the critical points (transferred into computer 
memory from Cartrifile tape) were determined. The coefficient 
of variations were computed and printed. 
Fiq. 13. FINDEX values of sinusoidal signals of various fre­
quencies reproduced from magnetic tape recorder. Curves A and 
E are for a "slope-window" of one (3 mv). Curves C and D are 
for a "slope-window" of two (6mv). 160 mv and 300 mv are zero 
to peak voltages of the sinusoidal signals. 
Fiq. 14, FINDEX values obtained in the same manner as was 
used to obtain curves in Fiq. 13. The "slope-window" is three 
(9 mv) . 
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IN VITRO EXPERIMENTAL RESULTS AND DISCUSSIONS 
To satisfy the theoretical assumptions of this investi­
gation and be as close as possible to the theoretical and ex­
perimental situation of Flax et al., analysis of laminar flow 
in this investigation was made using milk solution. The 
ultrasonic freguency was 9.5 MHz and the probe position was 
65 degrees with respect to the flow axis. The Doppler signal 
was analyzed using the computer. The results are shown in 
Fig. 16. The FINDEX coefficient increased with increase in 
Reynolds number. 
Reynolds number = ^vD/y (5-1) 
where 
^=density. 
v=velocity. 
D=unconstricted diameter. 
^=viscosity. 
For laminar flow, it was explained in the theoretical devel­
opment that the curvature of the parabolic profile increased 
with increase in the Reynolds number. Therefore, the FINDEX 
coefficient increased with increase in the curvature of the 
velocity profile for laminar flow. Analysis of the theoreti­
cal models resulted in similar conclusions. 
Doppler ultrasonic signals from the plastic flow model, 
M-3, were recorded on maanetic tape. The Reynolds number in­
volved in this portion of the study was high. Though the the-
Fiq. 15. Spectrograph of C V  Doppier ultrasonic signal from 
laminar flow obtained by Flax et al. (38) . 
fiq. 16. FINDEX coefficient for laminar flow. ID of plastic 
tube = 0.35 cm. 
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Fiq. 17, Spectrographs of cw Doppler ultrasonic signal from 
steady flow at 11.5 cm pre-stenotic region of the M-3 model. 
Ordinate represents the voltage scale. The corresponding 
FINDEX coefficient accompanies each spectrograph. 
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Fiq, 18. Spectrographs of C« Doppier ultrasonic signal from 
steady flow at 7.6 cm post-stenotic region of the m-3 model. 
Ordinate represents the voltage scale. The corresponding 
findex coefficient accompanies each spectrograph. 
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oretical considerations did not apply directly to the Doppler 
signal from the transition or turbulent regimes of flow, sim­
ilar coefficient analysis was carried out on the pertinent 
data. 
Dltrasonic signals of various flow velocities in the H-3 
model were spectrum frequency analyzed!. To construct each 
spectrograph, the center frequency of the bandpass was set at 
frequencies that were multiple of 50 Hz starting at 50 Hz 
while the same segment of the Doppler signal was repeatedly 
analyzed. The average output voltage for each frequency set­
ting was read off the frequency analyzer. The ultrasonic fre­
quency was 2.2 Hhz and the fluid was glass-microspheres-water 
mixture. The probe angle was 65 degrees with respect to the 
flow axis and probe locations at 11.5 cm pre-stenotic and 7.6 
cm post-stenotic regions. The results are shown in Figs. 17 
and 18. 
Though the analysis of velocity profiles using 
spectrographs is not the intention of this investigation, a 
few points of interest are worth noting. 
1. The frequency component with the peak intensity 
increases with increase in the average flow velocity. 
2. The range of frequency components increases with 
iBruel & Kiaer frequency analyzer type 2107, Naerum, 
Denmark. 
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increase in flow velocity. 
3. The relative amplitude of the frequency components is 
not a simple monotonie function of frequency. 
4. Spectrographs of the pre-stenotic flow (Fig. 17) are 
more symmetrical about the peak frequency component 
than those of the post-stenotic flow {Fig. 18). 
5. No phase relationships between the frequency 
components are included in the spectrographs. 
6. No spatial relationship between the frequency 
components can be discerned from the spectrographs. 
This spatial relationship is essential to the defini­
tion of velocity profile (spatial velocity distribu­
tions) . 
7. The beat frequencies of the "flow" frequencies are 
included in the spectrographs. These beat frequencies 
do not form part of the velocity profile. 
Instead of a monotonically varying amplitude profile for 
the frequency spectrums for laminar flow as was assumed in 
the cylindrical model study, the experimental frequency 
spectrums in Figs. 17 and 18 showed higher amplitude for the 
mid-range frequency components than for both ends of the fre­
quency spectrum. Theoretical considerations had shown the 
PINDEX coefficient to be a function of the range of frequency 
components in a signal when the weighing scheme for the fre­
quency components using the areas of evenly-spaced concentric 
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rings was assumed. Since the FINDEX coefficient is also a 
function of the relative amplitude of the frequency compo­
nents, the experimental results on FINDEX coefficient can not 
be interpreted solely on the theoretical considerations in 
flows other than laminar flow. Arbitrary variations of the 
amplitude of the frequency components sfere not considered as 
there are countless possibilities. Prediction of a particular 
set of weighing schemes for the relative amplitude of the 
frequency components for different flow velocities in the 
turbulent regime was not practical. 
The spectrographs were different for different Reynolds 
number at either the pre-stenotic (Fig. 17) or the post­
stenotic (Fig, 18) location. For the same Reynolds number, it 
was also different for the two locations. The fluctuation of 
the amplitude of the frequency components and the range of 
the frequency components were a function of the flow 
velocity. Since the FINDEX coefficient is a function of both 
the frequency components and their relative amplitude, i.e., 
in the frequency spectrums, it can be compared with the 
velocity profiles of flow for possible direct correlation. 
Measurements of FINDEX coefficients of flows, the 
spectrographs of which are shown in Figs. 17 and 18, were 
made. Velocity profile measurements using hot-film anemometry 
were not made because of experimental difficulties with the 
abrasive fluids used. Information of flow characteristics of 
the test model used is available from other investigations 
(9). Though the absolute velocity profile cannot be given 
corresponding to each value of the FINDEX coefficient, rela­
tive changes of the coefficient can be compared with known 
relative changes in the flow distribution to evaluate the 
method. When direct correlation is established between the 
FINDEX coefficient and velocity profile, calibration with . 
invasive technique provides a quantitative measure of the 
velocity profile of flow. 
Young and Tsai (9) have shown that at 7.6 cm post-
stenosis (from the center of the stenosis) in the H-3 model, 
turbulence formed when the Reynolds number exceeded 300+25. 
Using dye-iniection technique, they also observed the 
widening of the separation-reattachment region as the 
Reynolds number increased, Backflow and vortices in the post­
stenotic region resulted in velocity distributions covering a 
wide range of values and an ultrasonic signal containing var­
ied fregaency components especially at high Reynolds numbers. 
Figure 19 shows sketches of relative velocity profiles 
for flow in a straight smooth pipe based on theoretical con­
siderations (20) and for flow past a constriction based on 
experimental observations (1,9,11). The two cases approximate 
the pre-stenotic and post-stenotic conditions of flow respec­
tively. For laminar flow, the velocity profile is parabolic 
in shape. It "flattens" for turbulent flow in a straight 
Fig. 19. Sketches of velocity 
and post-stenotic regions as a 
(Reynolds number). 
profiles at the pre-stenotic 
function of flow velocity 
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fiq. 20. Relationship between FINDEX coefficient and flow 
conditions, i.e., transition and turbulent at 11 cm pre-
stenotic region in the M-3 model. Transverse probe position 
for zero-crossing data. Angular probe position (6 5 degrees) 
with respect to flow axis for FINDEX data. 
Fig. 21. Relationship between FINDEX coefficient and 
turbulent flou at 7.6 cm post-stenotic region in the M-3 
model. 
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pipe. For flow past a constriction, the turbulent regime 
starts at low values of Reynolds number depending on the 
degree and geometry of the constriction. The central core of 
flow decreases in size as the Reynolds number increases. 
The FINDEX coefficients corresponding to the flow condi­
tions used to obtain Figs. 17 and 18 are shown in Figs. 20 
and 21. Included in the figures are zero-crossings data for 
the same flow taken with an ultrasonic frequency of 9.5 MHz 
and probe angle transverse with respect to the flow axis. For 
fluids having a Reynolds number/velocity ratio that was high 
(220 for glass micro sphere-water) , the range of flow velocity 
within the laminar and transition regimes were small. As 
such, the low velocities of flow in the laminar regime pro­
duced a weak ultrasonic signal. The weak signal was 
susceptible to the zero-crossing anomaly explained before. 
Intense radial component of flow is assumed to indicate 
turbulence. The radial components of flow increased the 
amplitude of the ultrasonic Doppler signal when the probe was 
transverse with respect to the flow axis. Based on this ob­
servation, turbulence was detected at Reynolds number around 
2600 at 11 cm upstream of the constriction (Fig. 20). This 
value is within the proper range for incipient turbulence for 
flow inside a straight pipe (2000). at 7.6 cm past the 
constriction (Fig. 21), only turbulent flow was observed. 
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The coefficient of variation curve shown in Fig. 20 for 
the pre-stenotic flow indicated that a sharp break occurred 
at a Reynolds number of approximately 2600. At a Reynolds 
number of 1600, FINDEX vas 1.52 and at a Reynolds number of 
2600, it was about 1.25. The FINDEX value for turbulence 
(Reynolds number greater than 2600) remained at a lower value 
(1.10) than for laminar or transition flow (below Reynolds 
number 2600). In the post-stenotic region (Fig. 21), the sig­
nificant break in the curve for the coefficient occurred at a 
Reynolds number lower than at the pre-stenotic region and it 
increased as the Reynolds number increased beyond 5000. at 
Reynolds number 1100, the FINDEX vas 1.88 and between 
Reynolds numbers 2200 and 4500, it was about 1.00. The 
velocity distributions at the post-stenotic region were more 
complex (back flow and vortices) than those at the pre-
stenotic region. For the same FINDEX coefficient, the 
spectrographs of the two cases need not look identical. 
Similar relationships between the FINDEX coefficients 
and the flow velocities (Reynolds numbers) were observed in 
experiments using starch mixture. Comparatively, the starch 
mixture produced FINDEX coefficients that resulted in curves 
having greater least square error than the curves using 
glass-microsphere mixture. Also, the Reynolds number covered 
vas only half as great as the glass-microsphere mixture for 
the same velocity of flow. Therefore, the glass-microsphere 
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mixture was the better of the two as a test mixture in the 
steady flow experiments. 
Considerations of random error (standard error) showed 
the coefficient data point's probable error to be less than 
10%. At a flow velocity of 40 cm/s (Reynolds number 8000 
using the qlass-microspheres solution) , the signal frequency 
was 1.2 KHz. The corresponding computational probable error 
(Appendix F) was less than 2%. The FINDEX offset error at 
worst was less than 7% affecting the FINDEX coefficients 
minimally. 
It was observed that the FINDEX coefficients shown in 
Figs. 20 and 21 were still a function of the relative 
profiles shown in Fig. 19 and demonstrate a close correlation 
with the velocity profile derived from the assumptions used 
in the theoretical consideration. The relationship observed 
between the FINDEX coefficient and the curvature of veloctiy 
profile of flow was that the coefficient was higher for a 
profile of greater curvature. While a strong correlation be­
tween the FINDEX coefficient and velocity profile was 
evident, general application of the technique on any given 
time-varying signal based solely on the theoretical consider­
ation given in this investigation is not warranted. This is 
due to differences existing between the physical system and 
the theoretical models as seen previously from the experimen­
tal spectrographs. Calibration of the coefficient for a given 
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system is necessary. 
Variation of the FINDEX coefficient as a function of the 
probe angle with respect to the flow axis was not studied in 
general. The two probe angles used were 65 and 90 degrees 
(with respect to the flow axis). Since the mechanism of wave 
reflection is Bayleigh scattering, the transverse probe re­
ceives a reflected signal containing information on the 
velocity distributions of flow especially in the turbulent 
regime of flow. Results of transverse measurements using the 
same test model, fluid and ultrasonic device as used for 
Fiqs. 20 and 21 are shown in Fig. 22. 
Comparing the two probe positions, it can be seen that 
at a given location in a flow, the change in the FINDEX coef­
ficients using the angular position (with respect to the flow 
axis) was more sensitive to the change in flow velocity 
(Reynolds number) . Therefore, to measure changes in the 
velocity profiles at a cross-section in a flow, an angular 
position (possibly as close as possible to the flow axis) 
with respect to the flow axis would give better results than 
the transverse position. On the other hand, the difference in 
value between FINDEX coefficients of signals at the pre-
stenotic and post-stenotic regions were greatest using the 
transverse probe position for a given flow velocity. 
Therefore, depending on the purpose, either a transverse or 
close to flow axis probe position may be utilized. For a 
Fig. 22. FINûEX values at both the pre-stenotic and post­
stenotic regions of M-3 model. Transverse probe position. 
A - 11.5 cm pre-stenotic region. 
B - 7.6 cm post-stenotic region. 
fig. 23. Zero crossings versus velocity lines. Apparent pos­
itive shift of the lines upon extrapolation to zero velocity. 
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laminar flow study, an angular probe position is necessary. 
Detailed study into the mechanisms for such a difference was 
not undertaken; though the wave-reflection mechanism in both 
cases is Rayleigh scattering, the volumes of moving particles 
"seen" by the ultrasonic beam were obviously different for 
different probe positions. 
The usual invasive technigue of characterizing the 
degree of turbulence is making use of the turbulence intensi­
ty. This guantity measures the fluctuating component (in all 
directions) of flow. In ultrasonic transcutaneous applica­
tion, turbulence intensity is not a practical parameter to 
use because the phase relationships of the frequency compo­
nents in the Doppler signal are not known. Instead, the 
randomness (in direction) of the flow fluctuations can be 
measured. 
A method to detect turbulence was to form the ratio of 
zero crossings of Doppler signal using the angular probe po­
sition (with respect to the flow axis) to the zero crossings 
of signal using the transverse probe position. This 
"turbulent ratio" yas a measure of the randomness in direc­
tion of the flow components. The turbulent ratios (65/90 
degrees with respect to the flow axis) for M-3 model, glass-
microsphere mixture and 2.2 MHz ultrasonic frequency are 
tabulated in Table 4. The probable experimental error of any 
data point is less than 10%. 
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Table 4, Turbulent ratio for M-3 model. 65/90 degrees. 2.2 
MHz ultrasonic frequency. 
Beynolds number 1800 2200 2600 3500 5000 6400 8300 
Pre-stenotic 11 cm 0.75 0.92 1.09 1.22 2.15 1.81 1.93 
Post-stenotic 7.6 cm 1.19 0.82 1.00 1.26 1.61 1.81 1.40 
Since an invasive technique was not used in this inves-
tiqation and no measurements on turbulence intensity had been 
performed with the M-3 model at the high range of Reynolds 
number used here, direct comparison between the turbulent 
ratio and turbulence intensity can not be made. Turbulence 
(turbulent ratio) as a function of Beynolds number at a given 
location in the post-stenotic region was reported by Tsai and 
Young (46) . They measured the turbulence intensity of flow 
for Reynolds number below 3000. 
If the mechanism of acoustic reflection is plane-wave 
and the instruments "noiseless", the ideal turbulent ratio 
for laminar flow would be infinite since the transverse probe 
position would have a zero-crossing value of zero. For truly 
isotropic random fluctuations, the turbulent ratio for 
turbulent flow would be unity. Since the values in Table 4 
generally are not close to one, the nature of turbulence of 
the flow in the test model can not be the type that can be 
described as isotropic random fluctuations. 
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By curve fitting the zero-crossing data points with 
straight lines and taking the ratios of the slopes of the 
lines (angular/transverse), the laminar flow (below Reynolds 
number 2600 at the pre-stenotic region) is shown to have a 
distinct negative turbulent ratio. This was the result of the 
noise-zero-crossing anomaly cited previously. Turbulent flows 
had a positive turbulent ratio for both pre-stenotic and 
post-stenotic regions, such a distinct difference between 
laminar and turbulent flows in terms of the turbulent ratio 
was of practical value. 
In an effort to determine a critical number of zero 
crossings in 100 ms for incipient turbulence in pulsatile 
flow, results from pulsatile experiments using glycerol solu­
tion were analyzed. At a critical Reynolds number of 300, 
from Young and Tsai (9), turbulence was assumed to occur at 
the post-stenotic region (7.6 cm) of the H-3 model. The cor­
responding critical number in terms of zero crossings was 
350+12. Transverse probe position and 9.5 MHz ultrasonic fre­
quency were used. This critical zero-crossing number serves 
as a reference for incipient turbulence in in ijLïO studies. 
The critical value of 350 was used to analyze the 
results of experiments performed on the M-l model. No 
turbulence was observed for Reynolds number up to 450 at 7.6 
cm post-stenotic region. This agrees with the findings of 
Young and Tsai (9) on the same model. The data of Young and 
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Tsai were obtained under steady flow condition and were ex­
pected to differ only slightly from data using pulsatile flow 
at low frequency and viscous fluid. 
& method used to detect the presence of a constriction 
was to evaluate the flow velocities at the pre-stenotic 
region and at the neck of the constriction. Angular probe po­
sitions and data at Reynolds number below 2600 were used. The 
constant b in equation (3-24) 
Au/ac= (Zc-b)/(Zu-b) (3-24) 
was determined from the ordinate intercept of the straight 
lines in Fig. 23, It was found to be 40 for the starch solu­
tion and 43 for the glass-microsphere solution. Using equa­
tion (3-24), results of the area ratios, i.e., unconstricted 
area (&u) over the constricted area (Ac) are tabulated in 
Table 5. 
Table 5. Area ratios (Au/Ac) for H-3 model. Five points 
below Reynolds number 2600 were averaged. 
Starch Glass-microspheres Theoretical 
Au/Ac 3.15+0.22 4.14+0.06 9 
There is a two to three times difference in the results 
between the experimental and theoretical values. Since the 
experimental and theoretical lines (pre-stenotic) in Fig. 23 
were nearly parallel to each other, the change in the number 
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of zero crossings per unit change of velocity of flow was in 
the correct range of values. Therefore, the cause for the low 
value of the area ratios must lie in the low number of zero 
crossings per unit velocity of flow at the neck region. At an 
angular probe position, the ultrasonic beam must traverse the 
separation-reattachment region close to the neck of the 
constriction. Interactions between forward and back flow 
wave-reflections was assumed to cause an apparent reduced 
number of zero crossings at the neck region of a 
constriction. For comparative purposes, ratios of the post­
stenotic (7.6 cm) over pre-stenotic (11 cm) zero crossings in 
the turbulent regime were evaluated. Results are tabulated in 
Table 6. 
Table 5. Post/pre-stenotic zero-crossing ratios, Angular 
probe position of 65 degrees with respect to the flow axis. 
Five points for Reynolds number between 2200 and 6600 were 
averaged. 
Starch Glass- Ideal 
microspheres (straight flow) 
Post/pre-stenotic 1.61+0.06 1.46+0.06 1.00 
The ratios in Table 6 would be unity if no constriction 
existed in the flow path. Though absolute value of percentage 
constriction could not be evaluated with the technigue de­
scribed, the presence of stenoses was detected. 
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IN YÎVQ EXPERIHEHTAL PROCEDURES, RESULTS AND DISCUSSIONS 
K number of animal experiments were conducted to 
validate in animal preparations the observations made on 
plastic flow models. Five dogs, 30 to 40 lbs in weight, were 
used as experimental subjects. Transcutaneous ultrasonic flow 
measurements were obtained at the common carotid artery, both 
prior to and after a vessel constrictor was surgically 
implanted. All animals were anesthesized with sodium amylal^ 
(Surital, 2.2 mq/Kg) for each measurement session. The 
ultrasonic frequency used for all measurements was 9.5 MHz 
(unit 2). Each data point (zero-crossinq and FINDEX coeffi­
cient) was the average of 5 corresponding time interval in 5 
different cardiac cycles. 
The sterile surgical procedure consisted of placing a 
constrictor on one of the two carotid arteries at the level 
of the larynx. The constrictor was a 4 mm long cylindrical 
Tygon flexible plastic tubing (0.79 mm thick) split open for 
placement around the artery. It was tied in place by suture 
strings. After placement of the constrictor, the dogs were 
permitted to recover for a week. The severity of contriction 
was determined in the following manner. Upon exposing the 
carotid artery, five turns of surgical string were wrapped 
iparke Davis and Co., Detroit, Sichigan. 
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around the artery and the length measured. It was assumed 
that the arterial wall had a thickness of 10% of the outer 
radius of the artery (47) . Furthermore, it was assumed that 
upon constriction, the wall thickness of the blood vessel did 
not change. The unconstricted lumen area was determined from 
the above information. Since the diameter of the constrictor 
was known, the constricted lumen area was determined and 
subtracted from the unconstricted lumen area. The difference 
was expressed as a percentage of the unconstricted lumen area 
and termed the percent constriction. 
Due to a lack of suitable probe, no actual velocity 
profile of blood flow was measured with an invasive technique 
in this investigation. But evaluation of the coefficient 
technique can be made by comparing the coefficients with 
velocity profiles in major arteries obtained by other 
researchers using pulsed Doppler ultrasound (29,30). While 
variations in different arteries with regard to the presence 
of reverse flow and skewing of velocity profiles have been 
reported, there is general agreement about the contour of the 
time-varying waveform of blood flow in the major arteries. 
Miller et al. (30) used pulsed Doppler ultrasound to 
measure velocity profiles in the abdominal aorta of dogs. An 
example of their results is reproduced in Fig. 24. Notice the 
rapid rise to peak flow withia the first 100 ms of the pulse 
cycle. The peak of the QHS complex of the ECG signal serves 
fiq. 24. Velocity profile in the abdominal aorta of dog ob­
tained by Miller et al. (30)• H =radius of aorta; r=radial 
distance from center line; u=velocity; q.=center line 
velocity. 
Fig. 25. FINDEX coefficients in relation to zero crossings 
(velocity) per 100 ms of Doppler signal from an unconstricted 
left carotid artery. Pulse duration = 660 ms. Angular probe 
position with respect to blood flow of 60 degrees on the 
carotid artery at the level of the larynx. Peak of the QRS 
complex of the ECG signal serves as the zero time reference. 
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fiq. 26. FINDEX coefficients for two more unconstricted 
carotid arteries. Similar conditions as in Fig. 25. 
Fig. 27. Zero-crossing data from a 64% constricted carotid 
artery. Transverse probe position- Pulse duration = 660 ms. 
Peak of the QRS complex of the £CG signal as zero time refer­
ence. 
A - 1.5 cm post-stenotic region. 
B - 1.5 cm pre-stenotic region. 
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as the -zero time reference. During the next 100 ms, the 
velocity profiles remain blunt and the velocity across the 
vessel lumen renains high. 
Experiments to measure the FINDEX coefficient of the 
carotid blood flow were performed. The probe angle with re­
spect to flow was 60 degrees and measurements were taken at 
the level of the larynx of unconstricted arteries. An example 
of the results together with zero-crossing data is shown in 
Fig. 25. Two other FINDEX measurements are shown in Fig. 26. 
In Fig. 25, the dashed lines (zero crossings) are measures of 
the velocity of blood flow. Each value of FINDEX coefficient 
is determined for an interval of 100 ms. Therefore, each co­
efficient is the "time-average" of "all" the velocity 
profiles in each 100 ms. Referring to Fig- 24, the "time-
average" velocity profiles in each 100 ms can be estimated. 
In the first 100 ms, the greatest change in profile 
curvatures occurs, i.e., from u/Dc=0.2 to u/Uc =1. In 
succeeding 100 ms intervals, the range of change of the 
velocity profiles is small and less than the first 100 ms in­
terval. Allowing for the slight difference between carotid 
blood flow and the flow in the abdominal aorta such as the 
observation that there is no back flow in the carotid 
arteries (48), the above description agrees reasonably with 
the change in values of the FINDEX coefficients as shown in 
Figs. 25 and 26. The pulse duration of flow whose FINDEX co­
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efficients are shown in Figs. 25 and 26 was 660 ms. In 
Miller's example, the pulse duration was around 750 ms. The 
two pulse durations are comparable. Depending on the heart 
rate, the coefficients for a given time interval within a 
cardiac cycle can have different values. This is due to the 
different fractions of the flow pattern measured by the in­
terval. The coefficient differs also for different cardiac 
output levels. 
Stenoses in blood vessels can produce turbulence in 
blood flow. The effect of the severity of stenoses in blood 
vessels has been alluded to at times but has not been studied 
in detail. To gain insight into the relationship between the 
severity of a stenosis and turbulent blood flow, experiments 
on carotid arteries with various percentages of constriction 
were performed. Attempts to recognize the pattern of the 
results, i.e., zero-crossing data, from arteries of various 
constrictions are presented. 
Zero-crossing ratios between angular and transverse 
probe positions at 1-2 cm post-stenotic region during the 
100-200 ms interval in the cardiac cycle are tabulated in 
Table 7. The turbulent ratios in Table 7, as defined previ­
ously, are a measure of the non-axial component (turbulence 
and letting) of flow. Either the stenosis causes turbulence 
downstream or a simple "netting effect". The turbulent ratios 
in Table 7(a) indicate the severity of the stenosis, i.e.. 
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the higher percent constriction has a lower turbulent ratio. 
Similar measurements at corresponding locations in the 
companion unconstricted carotid arteries were made. Results 
are tabulated in Table 7(b). The average ratio was 3.24 + 0.66. 
For diagnostic purposes, a value of approximately 2.5 indi­
cated possible presence of stenosis along the flow path. The 
decreasing ratio in Table 7(b) appears to indicate that the 
flow in the unconstricted artery was sensitive to the 
severity of constriction of the other artery. 
Table 7(a). Turbulent ratio at post-stenotic region (1-2 cm) 
of carotid arteries in the 100-200 ms interval. Ratio for 
angular probe position of 60 degrees over transverse probe 
position (with respect to flow axis) . 
54% 
Turbulent ratio 2.33 
71% 
1.21 
79% 
1. 15 
Table 7(b). Turbulent ratio for 
conditions similar to Table 7(a). 
unconstricted artery under 
5H% 
Turbulent ratio 4.02 
71% 
3-30 
79% 
2.41 
Another test for severity of stenosis is to evaluate the 
ratio of the zero crossings of the constricted artery (post­
stenotic region) to the unconstricted artery. The probe posi­
tion is transverse to blood flow and the zero crossings (av­
erage of 5 cycles) of the 100-200 ms interval in the cardiac 
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cycle are used. Results are tabulated in Table 8. 
Table 8. Zero-crossing ratio of constricted artery (1-2 cm 
post-stenotic) to un constricted artery. Transverse probe po­
sition with respect to blood flow. 100-200 ms interval in the 
cardiac cycle. 
Constriction 64% 71% 79% 
Ratio 1.32 1.81 2.16 
Data in Table 8 indicate the ratio was higher for stenosis of 
higher severity. 
Using CW Doppler ultrasound to study blood flow, many 
researchers have observed that the presence of a severe 
stenosis in a blood vessel reduces the blood flow with relat­
ed reduction in the ultrasonic Doppler signal strength (17). 
This investigation verified the above observation and found 
the "critical" severity of constriction to be in the region 
of 7555. Blood flow through a constriction above this "criti­
cal" severity is significantly attenuated. a.s a result, there 
was either no detectable back-scattered signal (79% 
constriction) or negligible signal amplitude (71% 
constriction) using the transverse probe position (with re­
spect to the flow axis) at the pre-stenotic region. Eklof and 
Schwartz (37) have shown that in a canine carotid artery, a 
"critical stenosis" of 81% results in 15% reduction in blood 
flow but the percentage decrease must be considered quite 
variable. Data shown in Table 9 substantiate Eklof and 
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Schwartz's findings. 
Table 9. Amplitude reduction (unconstricted against 
constricted arteries) of ultrasonic signal at the pre-
stenotic region (1-2 cm) using transverse probe position with 
respect to blood flow direction for constriction above 7056 
Constriction 71% 79% 
Reduction 85% 100% 
The "critical stenosis" criterion can detect a severe 
stenosis. Detection of non-critical stenosis can be made by 
comparing the zero-crossings of signals from adjacent loca­
tion (2-3 cm apart) along an artery with no branching occur­
ring. Ratios of post-stenotic to pre-stenotic zero crossings 
(transverse probe position with respect to blood flow) for 
two non-critical stenoses are shown in Table 10. Inflammation 
of tissues around the 54% stenosis was observed upon post­
mortem inspection after the measurement (one week after im­
plantation) . Since tissue inflammation led to greater blood 
flow through the blood vessel, the ejection pattern at the 
post-stenotic region would resemble more the turbulent type 
than the laminar type. Therefore, the ratio may be higher 
than had there been no inflammation. Ratios similar to those 
in Table 10 but taken along unconstricted arteries are shown 
in Table 11. 
The ratio for an ideal unconstricted straight artery in 
Table 10 is 1.00. Table 11 indicates the ratios for 
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Table 10. Ratio of post-stenotic to pre-stenotic zero 
crossings (100-200 ms interval in the cardiac cycle). Trans­
verse probe position with respect to blood flow. 
Constriction 54% 64% 
Ratio 1.7 1.3 
Table 11. Zero-crossing ratio (100-200 ms interval) along 
unconstricted arteries. Rostral/caudal (2-3 cm apart) posi­
tions at the level of the larynx. Transverse probe position 
with respect to flow axis. 
Artery 12 3 4 
Ratio 0.93 1.08 0.93 0.90 
unconstricted arteries come closer to the ideal value. Any 
significant deviation from one indicates the presence of 
stenosis or disturbance of flow in-between points of measure­
ment. This criterion for detection of stenosis is based on 
the well known fact of conservation of flow along a straight 
vessel, i.e., the smaller the lumen (stenosis), the faster 
the velocity of flow. 
Finally, the critical zero-crossing number of 350 for 
turbulence using transverse probe position with respect to 
flow axis as obtained under the in.vitro experiments was used 
to analyze the data from the in vivo blood flows. Post­
stenotic zero crossings for various constrictions are shown 
in Table 12. 
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Table. 12. Post-stenotic (1.5 cm from constriction) zero 
crossings using transverse probe position with respect to 
blood flow. 100-200 ms interval in the cardiac cycle. 
Constriction 6 4% 7155 79% 
Zero crossings 459 403 571 
Two factors must be borne in mind in interpretating the 
data (absolute value) in Table 12. First, the motions of 
vessel wall affect the Doppler freguency shift of the back-
scattered signal. Second, the jetting effect of flow past a 
constriction may increase the radial component of flow with­
out necessarily producing turbulence. These factors are in 
addition to the other obvious variables such as tapering of 
the blood vessel, distance from the heart and branching of 
vessels which affects the flow pattern and the Doppler fre­
quency shift. Therefore, the reference value of zero 
crossings for incipient turbulence may differ for different 
arteries and location. Blood flow in the carotid artery at 
the level of the larynx is sufficiently far from the aortic 
arch such that normally, no turbulence is observed. Under 
such "steady" condition, comparison of flow characteristics 
with in vitro experiments such as the reference zero-crossing 
value for incipient turbulence may be justified. Based on the 
value of 350, turbulence is evident at the post-stenotic 
region of constriction above 6455 one week after surgical im­
plantation of the constrictor. Measurements were made on a 
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5'i% constricted artery immediately after implantation and thm 
corresponding zero-crossings were below 220. Since surgical 
trauma may be a factor in such a measurement, the conclusion 
of no turbulence is drawn with reservation. 
As substantiation of observations by others that no 
turbulence exists normally in the carotid blood flow, the 
maximum zero crossings of the unconstricted arteries (100-200 
ms interval in the cardiac cycle) using the transverse probe 
position {with respect to flow axis) at the level of the 
larynx are tabulated in Table 13. No value exceeded 350 which 
is an approximate reference value. Using a similar reference 
value for screening purposes in patients is possible and con­
venient. 
Table 13. Zero crossings of unconstricted artery. 100-200 ns 
interval in the cardiac cycle. Transverse probe position with 
respect to the flow axis. 
Artery 1 2 3 4 
Zero crossings 200 3(t8 223 2UU 
Another interesting feature of zero-crossing data at the 
post-stenotic region is shown in Fig. 27. There was sustained 
high number of zero crossings for the manor portion of the 
pulse cycle. Though the case showed a 6U% constriction, 
higher percent constriction (71% and 79% constrictions) ex­
hibited similar pattern as shown in Table 1U. 
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Table 1U. Zero crossings at post-stenotic region (1-2 cm). 
Transverse probe position with respect to blood flow. 
With every contraction of the heart, a certain amount of 
blood will be pushed through the stenosis. The compliant and 
elastic nature of the blood vessel causes temporary storage 
of part of the blood and in effect, lengthens the time during 
which the blood gets across the stenosis. 
71% 
79% 
0-100  
332 
418 
100 -200  
403 
571 
200-300 
324 
446 
300-400 
282 
403 
ms 
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CONCLUSIONS AND BECOHHENDATIONS 
The present investigation using CW Doppler ultrasound 
introduced a new quantity, the FINDEX coefficient, in the 
study of velocity profiles of flow. The coefficient was shown 
to: 
1. be a function of the range and amplitude of the 
frequency components of the ultrasonic Doppler 
signal. 
2. increase with increase in the curvature of the 
velocity profiles of flow. 
3. be applicable transcutaneously in the study of 
the velocity profiles of blood flow of canine carotid 
arteries. 
4. be a function of the ultrasonic probe angle with 
respect to the flow axis. 
Instead of an analysis using a magnetic tape recorder 
and a digital computer, the Doppler signal from a commercial 
ultrasonic blood flowmeter could be fed through a peripheral 
device that evaluates the FINDEX coefficient in real time. 
The device (yet to be built) should have a time-window 
(50-100 ms) which can "slide" across the whole or a major 
fraction of the cardiac cycle to measure the coefficient at 
various portions of time in the cycle. Such an efficient and 
rapid application of the technique increases the potential 
for clinical use in the study of the effect of vascular 
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diseases on the velocity profiles of blood flow. 
In general, the FINDEX coefficient does not measure ab­
solute velocity profiles as can be achieved with the present 
pulsed Doppler technique. While pulsed Doppler technique is 
suitable for subcutaneous application, the FINDEX determina­
tion is conveniently applied transcutaneously. For compara­
tive and diagnostic purposes, the coefficient technique looks 
promising. For measurements of shear forces and other 
hemodynamic factors of flow, the pulsed Doppler technique 
holds promise though it is still in the development stage. 
The two techniques are complementary and each has advantages 
and limitations. 
The Doppler signal was also spectral frequency analyzed 
in this investigation and features that characterized pre-
stenotic from post-stenotic flow such as symmetry or skewness 
and range of the freguency components were observed for 
steady flow. A similar study is suggested for pulsatile flow. 
Selected portions in the pulsatile cycle such as a short in­
terval of time around the instant of peak flow should be 
utilized for the spectral freguency analysis. 
another new quantity introduced in this investigation 
was the turbulent ratio. In an in vitro model, results of 
turbulent ratio measurements showed the non-isotropic random 
fluctuations of turbulent flows. In carotid arteries, the 
turbulent ratio was shown to be: 
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1, smaller for the more severe constriction at the 
post-stenotic region. 
2. significantly higher for the unconstricted 
artery as compared with the constricted artery in the 
post-stenotic region. 
In general, through the use of the CH Doppler ultrasonic 
signal, it was found that; 
1. transcutaneous determination of the percent 
constriction of a stenosis was not achieved. 
2. transcutaneous detection of stenoses and 
turbulence was demonstrated. 
3. transcutaneous evaluation of the comparative 
severity of stenoses and turbulence was made. 
4. determination of a critical stenosis was 
accomplished. 
5. a critical turbulent ratio of 2.5 for diagnostic 
purposes in carotid arteries was derived. 
The various techniques used in this investigation re­
quired measurements of the number of zero crossings of the 
Doppler signal, in a given interval of time, at various loca­
tions and angular probe positions along an artery. Instead of 
using a numerical technique to determine the number of zero 
crossinqs in the Doppler signal, an analog technique using 
zero-crossing detection circuits and an RC integrating 
network could be used. Commercial ultrasonic blood flowmeters 
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contain such analog components and normally display the aver­
age (over the entire heart cycle) number of zero crossings of 
the Doppler signal through a voltage meter. This output volt­
age, a measure of the average blood flow velocity, provides a 
signal in which any distinguishing feature such as the peak 
flow velocity are also averaged out over the entire cycle. 
This is especially significant when the peak forward flow 
occurs only within a fraction of the entire cardiac cycle. 
Better resolution is obtained when the average zero crossings 
are taken over the narrow portion of the cardiac cycle where 
significant information exists. In this investigation, a 
short interval of time (100 ms) around the instant of peak 
flow was utilized. The process can be achieved electronically 
and automatically. Subsequent analyses of the results can be 
made using the methods described in this investigation. 
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appendix a : 
infinite-plat-plates model 
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FOCAL Program for Infinite-Flat-Plates Model 
At the start of the program, the operator will be asked 
for N-PRO, PAR-A, INC-FAC and LAYERS. 
N-PRO = number of velocity profiles for which the coef­
ficient of variation are to be computed. 
PAR-A = initial value of k in X=ky^\ 
INC-FAC = incremental value to be added to k for each 
successive profile. 
LAYERS = half of the total number of layers into which 
the model is to be divided. It equals the total number of 
sinusoids to be summed to obtain the composite signal. 
The output data are the values of k and the correspond­
ing coefficient of variation. 
Statements 1.02, 1.75 and 1.76 make provisions for a 
second run with a model of 80 layers after the first model 
with a different number of layers has been run. 
Listing of the FOCàL Program 
1.01 A "N-PRO"NH, "PAR- A"P, "INC-FACIF, "LAYEES"L; S N= 1 
1.02 S R0=0 
1.03 F X=1,100;D0 2.0 
1.10 S SN=0;S SO=0;S C=0;S Z=1;I {a(1)) 1.11,1.12,1.12 
1.11 S S1=-1;G0T0 1.1% 
1.12 S 51=1 
1.14 F X=2,100;DO 5.0 
1.15 S MS=0;S Sa=0;F H=1,Z-1;S SU=SU+C(R) 
1.16 S ME=S0/(Z-1) 
1.20 F W=1,Z-1;S flS=flS+C(H) 2 
1.21 S HQ=HS/{Z-1) ;S IX=FSQT (HQ-HE 2)/HE 
1.22 T %13.7,P," "IX, Î 
1.30 I (NH-N) 1.75, 1 .75,1.31 
1.31 S N=N + 1;S P=P+IF;GOTO 1.03 
1.75 S E0=E0+1;I (RO-1) 1.77,1.76,1.77 
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1.76 S N=1;S P=0.2;S 1=U0;T !!!!f"%0 layers",! ;GOTO 1.03 
1.77 qdit 
2.01 s g=50/l;s y=p*fsqt(g); s 5=0 
2.02 s s=s+fsin(y*.062832»x) 
2.03 1 (50-g) 2.10,2.10,2.04 
2.04 s g=g+50/l;s y=p*fsqt (g) ;goto 2.02 
2-10 s a(i)=s 
5.01 i (a(z)-a(x-i)) 5.10,5.50,5.50 
5.10 s sn=-1;goto 5.51 
5.15 s c=c+1;g0t0 5.22 
5.20 s c(z) =c;s z=z+1 
5.21 s c=0 
5.22 s so=sn;s S1=S2 
5.30 a 
5.35 i (a(x)) 5.36.5.37,5.37 
5.36 s s2=-1;g0t0 5.38 
5.37 s s2=1 
5.38 1 (51+52) 5. 15,5.20,5.15 
5.50 s sn=1 
5.51 i (5n+s0) 5.35,5.20,5.35 
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APPENDIX B : 
CYLINDfilCAL MODEL 
118 
FOCAL Program for Cylindrical Model 
The input and output of this program are the same as for 
the FOCAL program used with the infinite-flat-plates model 
described under Appendix A. 
The content of the program is also the same except for 
the group of statements in the 2.00 section which is listed 
here. The amplitude of each sinusoid has a different weight 
based on the area of the ring element from which it was 
derived. 
Listing of the FOCAL Program 
Group 1.00 statements - same as in Appendix A. 
2.01 S G=50/L;S GG=-1;S Y=P»FSQT (G) ; S S=0;S Q=1 
2.02 S S=S+Q*FSIN(Ï*.062832*X) 
2.03 I (50-G) 2.10,2.10,2.04 
2.04 S G=G + 50/L;S Y=P*FSQT(G); S GG=GG+1; 
S Q=Q-(L-GG-1.5)/(L-GG-.5) 
2.05 GOTO 2.02 
2.10 S A(X) =S 
Group 5.00 statements -, same as in Appendix A. 
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appendix c : 
computation for coefficient of variation 
120 
Variance and Standard Deviation (49) 
For N observations of X whose mean is X, the variance 
S2 is defined as 
S2= 2(X-,-X) 2/(N-1) (C-1) 
The square root of variance is called the standard devi­
ation. 
Since the observations are taken from a sample of the 
population, the mean, variance and standard deviation refer 
only to the sample. The correction of (N/(N-1)) is known as 
Bessel's correction. For large N, the correction can be ne­
glected. Thus the standard deviation becomes 
S=( SJXL-X) 2/N/^ {C-2) 
Coefficient of Variation 
Standard deviation is expressed in the same units as the 
original variate Xc. For many purposes, it is convenient to 
express the dispersion of results on a percentage basis. This 
is done by taking the ratio of the standard deviation to the 
mean and the ratio is defined as the coefficient of varia­
tion. 
C.V.= (S/X) 100 (C-3) 
In this report, the coefficient of variation is 
expressed as a simple fraction. The observations or variates 
are time intervals between the peaks, valleys and zero 
crossings of the Doppler signal. This coefficient of varia­
tion is referred to also as FINDEX. 
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appendix d : 
zero crossings program 
122 
Flow Chart for Zero-crossing Program 
Start 
Print title 
Yes 
No 
Keyboard interrupt 
Store data points on 
Cartrifile 3 
Sample 4096 data points 
store in memory bank 1 
Average the mean, 
PINDEX, extreme 
values/zero cross­
ing ratio, # zero 
crossings, print 
out in decimals 
Determine and print out 
the true mean of data, 
the rectified mean, 
the sum of the squares 
of the data points, 
the maximum and the 
minimum data points 
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Store the code on Cartri 
file taoe 4 
Determine and print out 
the number of peaks and 
valleys 
Locate the peaks, valleys 
and zero crossings and 
code the corresponding 
memory locations 
Convert to decimal and print 
out the rectified mean, 
the coefficient of variation 
of the amplitude, 
the peaks/zero-crossings ratio, 
the number of zero crossings 
Determine and print out 
the number of zero crossings 
the number of flat points, 
the number of peaks and 
the number of valleys, 
the segment 
the first 5 non-zero code 
and their spacings 
124 
listing of Computer Program in POP Machine Language 
FIELD 0 
*10 /INDIRECT ADDRESSES 
0010 NP,0 /AUTOINDEXING COUNTERS 
0011 NEW,0 
0C12 COONfO 
0013 CTCO,0 
0011» PARCKfO /RAW DATA STORE 
*20 /SUBROUTINES IN TEXT 
0020 BELL /RING BELL 
0021 ERROR /HLT ON ERROR 
0022 MEAN /MEAN AC 
0023 WRITI /TITLE 
0024 CTFW /TAPE CHOICE 
0025 VARIAN /SUM OF SQUARE 
0026 TWADD /ADD 
0027 PRINT /SET UP 4 CHAR. OUTPUT 
0030 TYPE /TYPE 
0031 CRLF /CARRIAGE RETURN, LINE 
003 2 START /PROGRAM START 
0033 SPACE /4 BLANK SPACES 
0034 MAX /MAXIMUM 
0035 M IN /MINIMUM 
0036 INFPTS /EXTREMES AND ZEROES 
0037 PEAKCX /OUTPUT INFPTS 
0040 CFIO /TAPE CONTROL 
0041 MOLT /MULTIPLY 
0042 TWCOM /TWO'S COMPLEMENT 
0043 NETHEA /MEAN DC 
0044 C4096,0000 /COUNTERS 
0045 COONTfO 
0046 C7777,7777 /CONSTANT 
0047 TOH1,0 /STORAGE, SEE TEXT 
0050 TOM2,0 
0051 T071,0 
0052 T072,0 
0053 T073,0 
0054 VARIfO 
0055 7AR2,0 
0056 VAR3,0 
0057 C1777,1777 
0060 TEMP/O 
0061 C1000,1000 
0062 €7000,7000 
0063 VADOMfO 
0064 VATEMfO 
0065 C256,256 
0066 CY,331 
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0067 CP1,0001 
0070 CM1,7777 
0071 CM2,7776 
0072 OLD,0 
0073 NOWfO 
007a OLDZX, 0 
0075 NOWZX, 0 
0076 C2,0002 
0077 INFSCH rO 
0100 NFTEÎÎ, 0 
0101 OFTEM, 0 
0102 C0020, 0020 
0103 C0040, 0040 
010% C0007, 0007 
0105 C0003, 0003 
0106 C240,240 
0107 FLATfO 
0110 SEG,0 
0111 C7773, 7773 
0112 C727,727 
0113 C I  2 1 , 1 3 1  
011% COUSPA ,0 
0115 C7766, 7766 
0116 CK,0 
*200 
0200 CIF 000 
0201 CLR CLL 
0202 DCA SEG 
0203 TLS 
0204 JHS I 23 
0205 JMS I 40 
0206 0007 
0207 START, CLA CLL 
0210 CDF 010 
0211 JHS I 31 
0212 JMS I 31 
0213 TAD C4096 
021% DCA COUNT 
0215 TAD C7777 
0216 DCA NF 
0217 KCC 
0220 JHS I 20 
0221 KSF 
0222 JHP .-1 
0223 KRB 
0224 TAD MA 
0225 SNA CLA 
0226 JHP I 125 
0227 CLL 
0230 SAB,6570 
/CONTINUE AFTER 2575 
/START OF PROGRAM 
/SEGMENT COUNTER 
/RESET PRINTER FLAG 
/TITLE (UBITI) 
/cfio 
/crlf 
/BELL 
/AVERAGE? 
/AVERAGE SOBROUTINE 
/CK 10,6570 
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0231 and c1777 
0232 dca temp 
0233 6571 /ch 11, 6571 
0234 and c1777 
0235 cia 
0236 tad temp /ref=0v=0 
0237 dca i nf 
0240 isz count 
0241 jkp sam 
0242 • cll 
0243 jms i 20 /4 096 pts sampled 
0244 jks i 43 /true mean 
0245 jhs i 22 /nean 
0246 j ms i 25 /variance data rbf=0 
0247 • jss i 34 /max 
0250 jms i 35 /a in 
0251 tad c7773 /5 words, raw data, optional 
0252 dca count /dp to loc 264 
0253 tad c7777 
0254 dca nf 
0255 tad c727 
0256 dca parck 
0257 tad i nf 
0260 cdf 000 
0261 dca i paeck /begin store at 150 
0262 cdf 010 
0263 isz count 
0264 jmp .05 /optional from loc 251 
0265 tad c0040 
0266 jms i 24 /ctfh store on tp 3 
0267 jms i 33 /space 
0270 jms i 36 /peak pts 
0271 jms i 31 /crlf 
027 2 tad c777 3 /dc=all zeroes 
0273 dca count 
0274 tad c7777 
027 5 dca nf 
0276 tad c737 
0277 dca parck 
0300 dca cous pa 
0301 back, tad i nf 
0302 sza 
0303 jmp .+3 
0304 isz coos pa 
030 5 jmp .-4 
0306 cdf 000 
0307 dca i parck /begin store at 160 
0310 tad cous pa 
0311 dca i parck 
0312 dca cous pa 
0313 
031u 
0315 
0316 
0317 
0320 
0321 
0322 
0323 
032u 
0325 
0326 
0327 
0330 
0331 
0332 
0333 
0334 
0335 
0336 
0337 
0340 
0341 
0342 
0343 
0344 
0345 
0346 
0347 
0350 
0351 
0352 
0353 
0354 
0355 
0400 
0401 
0402 
0403 
0404 
0405 
0406 
0407 
0410 
0411 
0412 
0413 
0414 
0415 
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cdf 010 
isz coont 
jhp back 
tad c0020 /tp 4 
jms i 24 /store zx+/-1,pk+/-2,0 
jms i 33 
jms i 37 /peakcx 
isz seg 
tad seg 
jms i 27 /print 
jms i 31 
tad chi /optional to log 351 
dca coospa 
tad c727 
dca pabck 
tad c7773 
doso, dca count 
cdf 000 
tad i pabck 
jhs i 27 
tad c240 
jms i 30 
isz count 
jmp .-5 
jms i 31 /crlf 
isz couspa 
jmp .+5 
tad c737 
dca parck 
tad c776 6 
jmp doso /optional from loc 326 
jms i 31 
jmp i 121 /lcon 
cdf 010 
jmp i 32 /restart 
*400 /print out title 
writ1 ro /print title 
cdf 000 
cla cll 
tad c7670 
dca Clio 
tad c447 
dca cojn 
jms i 31 
tad i codn 
jhs i 30 /type 
isz C l i o  
jmp « —3 
cdf 010 
jsp i sbiti /es it 
0430 
0431 
0432 
0433 
0434 
0435 
0436 
0437 
0450 
0451 
0452 
0453 
0454 
0455 
0456 
0457 
0460 
0461 
0462 
0463 
0464 
0465 
0466 
0467 
0470 
0471 
0472 
0473 
0474 
0475 
0476 
0477 
0500 
0501 
0502 
0503 
0504 
0505 
0506 
0507 
0510 
0511 
0512 
0513 
0514 
0515 
0516 
0517 
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*430 /sgond bell 
bell,0 
tad c207 
tsf 
jmp .-1 
tls 
cla 
jmp i bell 
c207,207 
*450 /title codes 
315 
305 
301 
316 
240 
240 
240 
240 
240 
240 
240 
240 
240 
315 
305 
301 
316 
240 
323 
321 
325 
301 
322 
305 
240 
240 
240 
240 
240 
240 
315 
301 
330 
240 
240 
240 
240 
240 
315 
311 
129 
0520 316 
0521 240 
0522 240 
0523 240 
0524 240 
2525 240 
2526 240 
0527 306 
0530 314 
0531 301 
0532 324 
0533 240 
0534 320 
0535 324 
0536 323 
0537 240 
0540 240 
0541 240 
0542 240 
0543 240 
0544 243 
0545 240 
0546 320 
0547 305 
0550 301 
0551 313 
0552 240 
0553 320 
0554 324 
0555 323 
0556 240 
0557 240 
0560 c447,447 
0561 c7670,7670 
0562 cllofo 
*600 
0600 mean,0 
0601 tad c4096 
0602 dca codnt 
0603 tad c7777 
0604 dca nf 
0605 dca t0m1 
0606 dca t0m2 
0607 ml,tad i nf 
0610 spa 
0611 cia 
0612 tad t0m1 
0613 dca t0k1 
0614 szl 
0615 jsp adj 
/compute dc mean 
0616 
0617 
0620 
0621  
0 6 2 2  
0623 
0624 
0625 
0626 
0627 
0630 
0631 
0632 
0633 
0634 
0635 
0636 
0637 
0640 
0641 
0642 
0643 
0644 
0645 
0646 
0647 
0650 
0651 
0652 
0653 
0654 
0655 
0656 
0657 
0660 
0661 
0662 
0663 
0664 
0665 
0666 
0667 
0670 
0671 
0672 
0673 
0674 
0675 
0676 
0677 
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t&l,isz count 
JHP HI 
JMP WRIT2 
ADJ,CLL 
TAD T0M2 
lac 
dca t0m2 
szl 
JHP I 21 
JHP TAL 
%EIT2,TAD T0M2 
JMS I 27 
TAD C256 
JMS I 30 
TAD T0M1 
JMS I 27 
JMS I 33 
JMP I MEAN 
PRINT,0 
DCA TEM1 
TAD CM4 
DCA DIGCTR 
DCA STORE 
TAD TEM1 
RAL 
UNPACK,TAD STORE 
RAL 
rtl 
DCA STORE 
TAD STORE 
AND C0007 
TAD C260 
JMS I 30 
ISZ DIGCTR 
JMP UNPACK 
JMP I PRINT 
TYPEfO 
TSF 
JMP .-1 
TLS 
CLA 
JMP I TYPE 
CRLF,0 
TAD C215 
JMS I 30 
TAD C212 
JMS I 30 
JMP I CRLF 
ERROR,CLA CLL 
JHS I 31 
/OOTPDT MEAN, NEG INVERTED 
/ERROR HLT 
/PRINT 
/DOT 
/TYPE 
/4 SPACES 
/PRINT OUT 4 DIGITS 
/TLS COMMAND 
/CARRIAGE RETURN, LINE FEED 
/PRINT X AND HLT 
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0700 tad cx 
0701 jms i 30 
0702 jms i 31 
0703 hlt 
0704 space ,0 
0705 tad cspa4 
0706 dca consp 
0707 tad c240 
0710 jms i 30 
0711 isz consp 
0712 jhp . - 3 
0713 j mp i space 
0714 tem1, 0 
0715 cm4,7774 
0716 digctr,0 
0717 store ,0 
0720 c260, 260 
0721 c215, 215 
0722 c212, 212 
0723 ex.330 
0724 cspa4 ,7774 
0725 consp ,0 
*1000 
1000 varian,0 
1001 cll 
1002 tad c4096 
1003 dca count 
1004 tad c7777 
1005 dca nf 
1006 dca var1 
1007 dca vàs2 
1010 dca var3 
1011 so,tad i nf 
1012 dca nftem 
1013 jms i 41 
1014 nop 
1015 jms i 26 
1016 tallt ,isz count 
1017 j mp SO 
1020 jmp weit3 
1021 twadd ,0 
1022 tad t0v1 
1023 tad var1 
1024 dca var1 
1025 szl 
1026 jhp vadj2 
1027 tad t0v2 
1030 tad var2 
1031 dca var2 
1032 s2l 
/insert 4 blanks 
/730-755 hesebved for parck 
/compute sum of squares 
/mult 
/vab+tov=var 
/output variance 
1033 
1034 
1035 
1036 
1037 
1040 
1041 
1042 
1043 
1044 
1045 
1046 
1047 
1050 
1051 
1052 
1053 
1054 
1055 
1056 
1057 
1060 
1061 
1062 
1063 
1064 
1065 
1066 
1067 
1070 
1071 
1072 
1073 
1074 
1075 
1076 
1077 
1100 
1110 
1111 
1112 
1113 
1114 
1115 
1116 
1117 
1 1 2 0  
1121 
1122 
132 
JMP VADJ3 
AD3,TAD T0V3 
TAD VAR3 
DCA VAR3 
CLL 
JMP I TSADD 
VADJ2 ,CLL 
TAD T0V2 
I AC 
TAD 7AR2 
DCA YAR2 
SZL 
JMP .+2 
JMP AD3 
VADJ3 ,CLL 
TAD TOT 3 
I AC 
TAD VAR3 
DCA VAR3 
CLL 
JMP I TWADD 
WRIT3 ,CLA CLL 
TAD VAR3 
JMS I 27 
TAD VAR2 
JMS I 27 
TAD C256 
JMS I 30 
TAD VA.R1 
JMS I 27 
JMS I 33 
TAD VAR1 
DCA LVAR1 
TAD VAR2 
DCA LVAR2 
TAD VAR3 
DCA LVAR3 
JMP I VARIAN 
*1110 
NETME&fO 
TAD C4096 
DCA COUNT 
TAD C7777 
DCA NF 
DCA T0V1 
DCA T0V2 
DCA T0V3 
DCA VAR1 
DCA VAR2 
DCA VAR3 
/EXIT 
/EXIT 
/PRINT 
/TYPE 
/SPACE 
/RETAIN VAR1 
/RETAIN VAE2 
/RETAIN VAR3 
/EXIT 
/compute ac mean 
1123 
1124 
1125 
1126 
1127 
1130 
1131 
1132 
1133 
113% 
1135 
1136 
1137 
1140 
1141 
1142 
1143 
1144 
1145 
1146 
1147 
1150 
1151 
1152 
1153 
1154 
1155 
1156 
1157 
1 1 6 0  
1161 
1162 
1163 
1164 
1165 
1 1 6 6  
1200 
1201 
1202 
1203 
1204 
1205 
1206 
1207 
1 2 1 0  
1211 
1 2 1 2  
1213 
1214 
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tro, TAD I NF 
SPA 
JHP NEG 
tad VA81 
DCA VAR1 
SZL 
JMP .+4 
SOAN ,ISZ COUNT 
JMP TRU 
JMP FIN 
CLL 
TAD VAR2 
lac 
DCA VAR2 
JMP SUAN 
NEG, CIA 
TAD T0V1 
DCA T0V1 
SZL 
JMP .+2 
JMP SUAN 
CLL 
TAD T0V2 
I AC 
DCA T0V2 
JMP SUAN 
FIN, JMS I 42 
JHS I 26 
TAD VAR2 
J MS I 27 
TAD C256 
JHS I 30 
TAD VAR1 
JHS I 27 
JHS I 31 
JMP I NETMEA 
*1200 
MULT ,0 
DCA T0V1 
DCA T0V2 
DCA T0V3 
TAD NFTEM 
SMA 
JMP . + 11 
CLA CLL 
TAD EECK 
SZA cla 
JHP . +4 
tad NFTEM 
CIA 
/2,S COM (NEG SQM IN TOV) 
/ADD POS SDMfTRU MEAN IN VAR 
/REF=0=0V 
/PRINT 
/crlf 
/SQUARE ROUTINE 
/RESULT IN TOV 
/SQ ALWAYS POS. 
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1215 JMP .+2 
1216 TAD NFTEM 
1217 DCA VADOH 
1220 TAD VADOM 
1221 SNA 
1222 JMP I HOLT 
1223 CIA 
122% DCA VATEM 
1225 TAD 7ADDM 
1226 TAD T071 
1227 DCA T071 
1230 SZL 
1231 JMP 7 AD J 
1232 ACOON fISZ 7ATEH 
1233 JMP . —6 
1234 JMP I MULT 
1235 7ADJ, CLL 
1236 TAD T072 
1237 I AC 
1240 DCA T072 
1241 SZL 
1242 JMP .+2 
1243 JMP ACOUN 
1244 CLL 
1245 TAD T073 
1246 lAC 
1247 DCA T073 
1250 SZL 
1251 JMP I 21 
1252 JMP ACOON 
*1300 
1300 TWCOM ,0 
1301 TAD T073 
1302 CMA 
1303 DCA T073 
130 4 TAD T072 
1305 CMA 
1306 DCA T072 
1307 TAD T071 
1310 CIA 
1311 DCA T071 
1312 SZL 
1313 JMP .+2 
1314 JMP I TWCOM 
1315 CLL 
1316 TAD T072 
1317 I AC 
1320 DCA T072 
1321 SZL 
1322 JMP .+2 
/exit 
/HOLT. COUNTER 
/EXIT 
/STORES 1 PROD. 
/ERROR 
/2S COMPLEMENT OF TO7 
/EXIT 
1323 
1324 
1325 
1326 
1327 
1330 
1331 
1400 
1401 
1402 
1403 
1404 
1405 
1406 
1407 
1410 
1411 
1412 
1413 
1414 
1415 
1416 
1417 
1420 
1421 
1422 
1423 
1424 
1425 
1426 
1427 
1430 
1500 
1501 
1502 
1503 
1504 
1505 
1506 
1507 
1510 
1511 
1512 
1513 
1514 
1515 
1516 
1517 
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JMP I TWO 
CLL 
TAD T0V3 
I AC 
DCA T0V3 
CLL 
JMP I TWO 
*1400 
MAXfO 
TAD C4096 
DCA CO ONT 
TAD C7777 
DCA NF 
TAD C700 0 
DCA TEMAX 
REMAX, TAD I 
DCA MAXD 
TAD TEMAX 
CIA 
TAD MAXD 
SPA CLA 
JMP .+3 
TAD MAXD 
DCA TEMAX 
ISZ COUNT 
JMP REMAX 
TAD TEMAX 
JBS I 27 
JHS I 33 
CLL 
JMP I MAX 
TEMAX, 0 
HAXD,0 1 
*1500 
MIN,0 
TAD C4096 
DCA COUNT 
TAD C7777 
DCA NF 
TAD C1000 
DCA TEMIN 
RE MIN., TAD I 
DCA MIND 
TAD TEMIN 
CIA 
TAD HIND 
SMA CLA 
JMP .+3 
TAD HIND 
DCA TEMIN 
/EXIT 
/EXIT 
/SEARCH FOB MAX 
/ -1000 
/LOG FOB MAX 
NF 
/PRINT 4 DG7S 
/4 SPACES 
/SEARCH FOR SIN 
/LOC FOR MIN 
NF 
1520 
1521 
1522 
1523 
1524 
1525 
1526 
1527 
1530 
2000 
2001 
2002 
2003 
2004 
2005 
2006 
2007 
2010 
2011 
2012 
2013 
2014 
2015 
2016 
2017 
2020 
2021 
2022 
2023 
2024 
2025 
2026 
2027 
2030 
2031 
2032 
2033 
203 4 
2035 
2036 
2037 
2040 
2041 
2042 
2043 
2044 
2045 
2046 
2047 
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is2 
JHP 
TAD 
JMS 
JHS 
CLL 
JMP 
TEHIN,0 
MIND,0 
*2000 
INFPTSfO 
TAD 
COUNT 
RENIN 
TEMIN 
I 27 
I 23 
I BIN 
DCA 
TAD 
DCA 
TAD 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
DCA 
C4096 
CO ONT 
C7777 
NP 
C777 7 
NEW 
oldzx 
NOHZX 
OLD 
now 
INFSOM 
NFTEH 
OFT EH 
TEHP 
FLAT 
T0V1 
T0V2 
VABI 
VAS2 
REINF,DCA CK 
TAD 
DCA 
TAD 
SPA 
JMP 
TAD 
DCA 
SZA 
JHP 
TAD 
DCA 
ISZ 
/PRINT 4 DGTS 
/SEARCH FOB EXTREME VALUES, 
/AND ZERO CROSSINGS 
I NF 
NFTEH 
NFTEM 
CLA 
ZXH 
CP1 
NOWZX 
ZXDE,TAD NOWZX 
TAD OLDZX 
CLA 
INF1 
CP1 
I NEW 
T0V1 
INCBflSZ TEHP 
ISZ CK 
JHP INF1 
ZXH,TAD CMI 
/- TO + ZERO CX 
/=# ZERO CX 
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2050 TAD NOHZX 
2051 TAD OLDZX 
2052 SZA CLA 
2053 JMP INF1 
205% TAD CM1 /• TO - ZERO CX 
2055 DCA I NEW 
2056 ISZ T0V2 
2057 JMP INCR 
2060 INF1, TAD NPTEM /PLATEAO SEARCH 
2061 CIA 
2062 TAD OFT EH /OLD-NEW PTS 
2063 SPA . 
2064 CIA 
2065 TAD WIN /2967M7 WIND=*1 
2066 SPA CLA 
2067 JHP SAHE 
2070 TAD NFTEH /PEAKS SEARCH 
2071 CIA 
2072 TAD OFTEH 
2073 SPA CLA 
2074 JHP INFHIN 
2075 TAD CHI /DEC 
2076 DCA NOW 
2077 TAD NOW 
2100 TAD OLD 
2101 SZA CLA 
2102 JHP CIR 
2103 TAD CK 
2104 SZA CLA 
2105 JHP .+3 
2106 TAD CM2 /+ TO - PEAK PT 
2107 DCA I NEW 
2110 ISZ VAR1 
2111 PLDS1 ,ISZ INFSUH /#PEAK PTS 
2112 JHP RECO 
2113 JHP I 32 /RESTART ABORT 
2114 ISFHIN,TAD CP1 /INC 
2115 DCA NOW 
2116 TAD NOW 
2117 TAD OLD 
2120 SZA CLA 
2121 JHP CLR 
2122 TAD CK 
2123 SZA CLA 
2124 JHP .+3 
2125 TAD C2 /- TO + VALLEY 
2126 DCA I NEW 
2127 ISZ 7AR2 
2130 JHP PLDS1 
2131 SâHS, ISZ FLAT /# PLATEAU PTS 
2132 
2133 
2134 
2135 
2136 
2137 
2140 
2141 
2142 
2143 
2144 
2145 
2146 
2147 
2150 
2151 
2152 
2153 
2154 
2155 
1665 
1666 
1667 
1670 
1671 
1672 
1673 
1674 
1675 
1676 
1677 
1700 
1701 
1702 
1703 
1704 
1705 
1706 
1707 
1710 
1711 
1712 
1713 
1714 
1715 
1716 
1717 
1720 
1721 
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JHP CLR 
JMP I 32 
CLR, TAD CK 
SZA CLA 
JHP RECO 
DCA I NEW 
JHP RECO 
RECO ,ISZ COUNT 
JMP .+4 
TAD INFSUH 
JMS I 27 
JMP I INFPTS 
TAD NFTEH 
DCA OFTEH 
TAD NOW 
DCA OLD 
TAD NOWZX 
DCA OLDZX 
JHP REINF 
WIN,7775 
*1665 
CTFW ,0 
DCA CTFTEH 
TAD CTFT EH 
DCA .+2 
JMS I 40 
0000 
4000 
0000 
SWWC 
JHP .-1 
CLA 
TAD CTFTEH 
DCA .+2 
JMS I 40 
0000 
4000 
4000 
SWWC 
JHP .-1 
LTSA 
AND C0003 
SZA CLA 
JHP .+2 
JHP .+4 
TAD CI 
JHS I 30 
HLT 
CDF 000 
TAD C1747 
/RESTART ABORT 
/PK PT RECORD 
/Z CX RECORD 
/ADJ WINDOW 
/SELECT TAPE FOR I/O 
/CFIO 
/HALF OF DATA POINTS 
/TAPE FILLED 
/TYPE 
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1722 DCA CTCO 
1723 TAD CH16 
172U DCA CCTEM 
1725 TAD I CTCO 
1726 JMS I 30 
1727 ISZ CCTEM 
1730 JMP .-3 
1731 CDF 010 
1732 JMP I CTFW 
1733 CH16,7762 
1734 CTFTEM,0 
1735 CCTEM,0 
1736 C1747,17%7 
*1750 /CODES FOB "DATA ON TAPE" 
1750 304 
1751 301 
1752 324 
1753 301 
1754 240 
1755 240 
1756 317 
1757 316 
1760 240 
1761 240 
1762 324 
1763 301 
1764 320 
1765 305 
*2200 /PRINT OUT RESULTS (OCTAL) 
2200 PEAKCX,0 
2201 TAD C243 
2202 JMS I 30 /# 
2203 TAD C332 
2204 JMS I 30 /Z 
2205 TAD C330 
2206 JMS I 30 /X 
2207 TAD C275 
2210 JMS I 30 
2211 TAD TEMP /OUTPUT # ZEROES 
2212 JMS I 27 
2213 TAD C240 
2214 JMS I 30 
2215 TAD C240 
2216 JMS I 30 
2217 TAD C257 // 
2220 JMS I 30 
2221 TAD C334 
2222 JMS I 30 
2223 TAD C275 /= 
2224 JMS I 30 
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2225 TAD C240 
2226 JMS I 30 
2227 TAD T0V1 
2230 JMS I 27 /OUTPUT 
2231 TAD C240 
2232 JMS I 30 
223 3 TAD C240 
2234 JMS I 30 
2235 TAD T0V2 
2236 JMS I 27 /OUTPUT 
2237 TAD C240 
2240 JMS I 30 
2241 TAD C240 
2242 JMS I 30 
2243 JMS I 33 /SPACE 
2244 TAD FLAT 
2245 JMS I 27 
2246 JMS I 33 
2247 TAD C320 /P 
2250 JMS I 30 
2251 TAD C325 / a  
2252 JMS I 30 
2253 TAD C275 
2254 JMS I 30 /= 
2255 TAD C240 
2256 JMS I 30 
2257 TAD VAP1 
2260 JMS I 27 /OUTPUT 
2261 TAD C240 
2262 JMS I 30 
2263 TAD C240 
2264 JMS I 30 
2265 TAD 7AR2 
2266 JMS I 27 /OUTPUT 
2267 JMS I 31 /CRLF 
2270 JMP I PEAKCX /EXIT 
2271 C243, 243 
2272 C332, 332 
2273 C330, 330 
2274 C257, 257 
2275 C275, 275 
2276 C334, 334 
2277 C320, 320 
2300 C325, 325 
/SWRC - SKIP ON RRITE-WORD CALL FLAG 
/LTSA - CHECK TAPE UNIT STATUS 
/ACHD - TAPE ACTION COMMAND 
/LTSB - CHECK TAPE ERROB STATUS 
/LTB 
/WSPC 
/RTB 
2400 
2401 
2402 
2403 
2404 
2405 
2406 
2407 
2410 
241 1 
2412 
2413 
2414 
2415 
2416 
2417 
2420 
2421 
2422 
2423 
2424 
2425 
2426 
2427 
2430 
2431 
2432 
2433 
2434 
2435 
2436 
2437 
2440 
2441 
2442 
2443 
2444 
2445 
2446 
2447 
2450 
2451 
2452 
2453 
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CLEAR WRITE-HORD CALL FLAG 
WRITE STOP COMMAND 
RESET READ-WORD CALL FLAG 
•2400 /TAPE I/O ROUTINE 
CFIOfO 
CDF 000 
CLA 
DCA C0UNT1 
DCA C0DNT2 
TAD CONST 
DCA COUNTS 
TAD I CFIO 
DCA TEM10 
TAD TEM10 
AND C17 
SZA 
JMS LPSCH 
TAD TEM10 
AND C0360 
SZA 
JMS WRITE 
TAD TEH 10 
AND C740 0 
SZA 
JMS READ 
ISZ CFIO 
JMP I CFIO 
TEMIOfO 
TEM20,0 
C17,0017 
C0360,0360 
C7400,7400 
LPSCH,0 
DCA TEM20 
LTSB 
CLL RTL 
RTL 
SNL CLA 
JMP STAT2 
TAD TEM20 
ACMD 
CLA 
JMP I LPSCH 
STATUS,0 
DCA TEM20 
STAT1,LTSA 
AND TEH20 
CIA 
2U54 TAD TEM20 
2455 SZA CLA 
2456 JHP WAIT 
2457 ISZ CFIO 
2460 TAD I CFIO 
2461 CBA 
2462 DCA RCDCT 
2463 ISZ CFIO 
2464 TAD I CFIO 
2465 DCA ADD1 
2466 JHP I STATUS 
2467 WAIT, ISZ con NT 2 
2470 JHP . -1 
2471 ISZ C00NT1 
2472 JHP STAT1 
2473 ISZ COUNTS 
2474 JHP STAT1 
2475 STAT2 ,LTSB 
2476 CLL RTL 
2477 RTL 
2500 LTSA 
2501 HLT 
2502 JHP STAT1 
2503 CODNT3,0 
2504 CODNT1,0 
2505 COUNT2,0 
2506 CONST ,7775 
2507 WHITE ,0 
2510 JHS STATUS 
2511 LTB 
2512 TAD TEM20 
2513 ACMD 
2514 CDF 010 
2515 FLAG1 ,SW«C 
2516 JHP .-1 
2517 CIA 
2520 TAD I ADD1 
2521 LTB 
2522 ISZ ADD1 
2523 ISZ RCDCT 
2524 JHP FLAG1 
2525 SWWC 
2526 JHP .-1 
2527 WSPC 
2530 CLA 
2531 JHP I WRITE 
2532 8CDCT ,0 
2533 ADD1, 0 
2534 READ, 0 
2535 CDF 000 
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/IN CASS B AND S COHSEC. 
2541 
2542 
2543 
2544 
2545 
2546 
2547 
2550 
2551 
2552 
2553 
2554 
2555 
2556 
2557 
2560 
2561 
2562 
2563 
2564 
2565 
2566 
2567 
2570 
2571 
2572 
2573 
2574 
2575 
0015 
0117 
0120 
0121 
0122  
0123 
0124 
0125 
0126 
0127 
0130 
0131 
0132 
0133 
0134 
0135 
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JMS STATUS 
RTB 
CLA 
TAD TEH 20 
ACMD 
CDF 010 
FLAG2 ,SRWC 
JHP .-1 
LTSA 
AND TEH20 
SZA 
JMP EXIT 
rtb 
DCA i ADD1 
ISZ ADD1 
ISZ RCDCT 
JHP FLAG2 
FLAG3 ,SRWC 
JHP .-1 
RTB 
LTSA 
AND TEM20 
SNA CLA 
JHP return 
EXIT, LTSB 
CLL RTL 
HAL 
CLA 
TAD RCDCT 
JHP I READ 
RETURN,ISZ RCDCT 
JHP FLAG3 
*15 
EFF,0 
*117 
LVAB2,0 
LVAR3,0 
LCOH 
DEC 
div 
SQR 
TTS 
EJ3 
SR11 
INT1,0 
DEClfO 
onTi,o 
ccc,0 
EM6,7772 
/autoindexing 
/DECIMAL SUBROUTINE 
/CONVERT TO DECIMAL 
/DIVISION 
/SQUARE 
/AVERAGE, INITIALIZE 
SUBTRACT 
SHIFT LEFT 
/STORAGE, SEE TEXT 
1U4 
0136 SQR2,0 
0137 SQR1,0 
0140 SUH2,0 
0141 NUMlfO 
0142 D0WN2,7777 
0143 D0WN1,0 
0144 QU02,0 
0145 QUOlfO 
0146 ECK,0 
0147 TTOH2,0 
0150 TINDX2,0 
0151 TINDXl, 0 
0152 B002,0 
0153 B001,0 
0154 ZALL,0 
0155 MA,7677 
0156 04000,4000 
0157 C301,301 
0160 TEH6,0 
0161 CC260,260 
0162 DS,0 
0163 ROOT1,0 
0164 TTOMIfO 
0165 TIH,0 
0166 EM3,7775 
0167 TEEM,0 
0170 RL2,0 
0171 RL1, 0 
0172 RL3,0 
0173 LVAR1,0 
0174 EECK,0 
*2600 
2600 LCON,CLA CLL 
2601 DCA ECK 
2602 TAD T0M2 
260 3 DCA INT1 
2604 TAD T0M1 
2605 DCA DEC1 
2606 JMS I 122 
2607 JMS I 33 
2610 TAD T0M2 
261 1 DCA RL2 
2612 TAD T0M1 
2613 DCA RL1 
2614 DCA RL3 
2615 TAD EM3 
2616 DCA TEEM 
2617 JMS I 127 
2620 ISZ TEEM 
2621 JHP .-2 
/DECIMAL OUTPUTS 
/MEAN DEC 
/SAL 
2622 CLL 
2623 TAD RL2 
2624 DCA TIH 
2625 TAD TIM 
2626 DCA NFTEM 
2627 ISZ EECK 
2630 JHS I 41 
2631 CLA CLL 
2632 DCA EECK 
2633 J MS I 42 
2634 TAD LVAR3 
2635 DCA RL3 
2636 TAD LVAR2 
2637 DCA RL2 
2640 TAD LVAR 1 
2641 DCA RL1 
2642 TAD EM6 
264 3 DCA TEH6 
2644 JMS I 127 
2645 ISZ TEM6 
2646 JHP .-2 
2647 CLL 
2650 TAD RL3 
2651 DCA VAR2 
2652 TAD RL2 
2653 DCA VAR1 
2654 DCA VAR3 
2655 JHS I 26 
2656 TAD VAR2 
2657 DCA SQR2 
2660 TAD VAR1 
2661 DCA SQR1 
2662 JHS I 124 
2663 TAD R00T1 
2664 DCA NDH2 
2665 DCA Nam 
2666 TAD TIM 
2667 DCA D0WN1 
2670 JHS I 123 
2671 JHS I 33 
2672 TAD T0M1 
2673 TAD TT0M1 
2674 DCA TT0M1 
2675 SZL 
2676 JHP . + 5 
2677 TAD T0H2 
2700 TAD TT0M2 
2701 DCA TT0M2 
2702 JHP .+4 
2703 CLL 
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/HEANXStI 
/5Q IN TOV 
/Clâ TOV 
/RAL 
/CLEAR 
/VAR+TOV=VaR 
/HSQ-Ht2 
/SQR IN R00T1 ,INTG 
/X8t4 
/DIV,INDEX 
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2704 lAC 
2705 JMP . -6 
2706 TAD QUOI 
2707 TAD TINDX1 
2710 DCA TINDX1 
2711 SZL 
2712 JMP .+5 
2713 TAD 0002 
2714 PL1, TAD TINDX2 
2715 DCA TINDX2 
2716 JHP ENX 
2717 CLL 
2720 TAD Q002 
2721 lAC 
2722 JMP PL1 
2723 ENX, TAD INFSDM 
2724 DCA NDM2 
2725 DCA H0H1 
2726 TAD TEMP 
2727 DCA D0WN1 
2730 JHS I 123 
2731 JHS I 33 
2732 TAD QUOI 
2733 TAD B001 
2734 DCA BOOl 
2735 SZL 
2736 JMP .+5 
2737 TAD QD02 
2740 PL2, TAD B002 
2741 DCA B002 
2742 JHP EXX 
2743 CLl 
2744 TAD 0002 
2745 lAC 
2746 JHP PL2 
2747 EXX, TAD TEHP 
2750 DCA INT1 
2751 DCA DEC1 
2752 JHS I 122 
2753 TAD TEMP 
2754 TAD ZALL 
2755 DCA ZALL 
2756 JHS I 31 
2757 ISZ DS 
2760 JHP I 32 
• 3600 
3600 DEC, 0 
3601 CLA CLL 
3602 CDF 000 
3603 TAD C2767 
/x8t4 
/DIV,PK/ZCX 
/zcx 
/CBLF 
/RESTART 
/ODTPOT 6 DIGITS (2 DECIMALS) 
3604 
3605 
3606 
3607 
3610 
3611 
3612 
3613 
3614 
3615 
3616 
3617 
3620 
3621 
3622 
3623 
3624 
3625 
3626 
3627 
3630 
3631 
3632 
3633 
3634 
3635 
3636 
3637 
3640 
3641 
3642 
2770 
2771 
2772 
2773 
2774 
2775 
3000 
3001 
3002 
3003 
3004 
3005 
3006 
3007 
3010 
3011 
3012 
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DCÂ EJJ 
TAD EM6 
DCA TEM6 
EGN, DCA 0UT1 
TAD I EJJ 
DCA CCC 
EGT, TAD INT1 
TAD CCC 
SZL 
JMP EAD 
CIA 
TAD 0DT1 
TAD CC260 
JMS I 30 
ISZ TEM6 
JMP ESE 
JMP I DEC 
EAD, CLL 
DCA INT1 
ISZ 0DT1 
JMP EGT 
EEE, TAD CCC 
TAD CP1 
SZA CLA 
JMP EGN 
CLL 
TAD DEC1 
DCA IKT1 
TAD C256 
JMS I 30 
JMP EGN 
*2770 
6030 
7634 
7766 
7777 
7146 
7727 
*3000 
DIV, 0 
CLA CLL 
DCA Q001 
DCA QUO 2 
TAD D0WN1 
SZA 
JMP .+2 
JMP I 21 
CIA 
DCA D0WN1 
EJ4, JSS I 126 
/TYPE 
/EXIT 
/DOT 
/OCTAL TO DECIMAL CONV. 
/1000=1750 
/DIVISION ROUTINE 
/HLT,DENOS=0 
3013 
3014 
3015 
3016 
3017 
3020 
3021 
3022 
3023 
3024 
3025 
3026 
3027 
3030 
3031 
3032 
3033 
3034 
3035 
3036 
3037 
3040 
3041 
3042 
3043 
3044 
3045 
3046 
3047 
3050 
3051 
3052 
3053 
3054 
3055 
3056 
3057 
3060 
3200 
3201 
3202 
3203 
3204 
3205 
3206 
3207 
3210 
3211 
3212 
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CLL 
TAD ECK 
SZA CLA 
JMP LSD 
TAD QUOI 
lAC 
DCA QUOI 
SNL 
JMP EJ4 
CLL 
ISZ QU02 
JMP EJ4 
LSD, CLA CLL 
TAD QU02 
DCA INT1 
TAD QUOI 
DCA DECI 
JMS I 122 
JMP I DIV 
EJ1, CLL 
TAD NUM2 
lAC 
JMP EJ2 
EJ3, 0 
CLA CLL 
DCA ECK 
TAD NUM1 
TAD D0WN1 
DCA NUMI 
SZL 
JMP EJ1 
TAD NUM2 
EJ2, TAD D0HN2 
DCA NUM2 
SZL 
JMP I EJ3 
ISZ ECK 
JHP I EJ3 
*3200 
SQR,0 
CLA CLL 
DCA BOOT 1 
DCA K2 
DCA Kl 
EJO,TAD B00T1 
I AC 
DCA P.OOT1 
SZL 
jhp i 21 
m • TV 4 
/DEC OOT 
/EXIT 
/nom+down=nuh 
/SQUARE ROOT BOUTINE 
/N>7777DGTS 
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3213 TAD K1 
321U DCA K1 
3215 SZL 
3216 JMP KJ1 
3217 KJ3, TAD K1 
3220 RAL 
3221 DCA NDM1 
3222 SZL 
3223 JMP KJ4 
3224 TAD K2 
3225 RAL-
3226 DCA NUM2 
3227 SZL 
3230 . JMP I 21 
3231 KJ5, TAD R00T1 
3232 CIA 
3233 DCA D0WN1 
3234 TAD C7777 
3235 DCA D0WN2 
323 5 JMS I 126 
3237 CLL 
3240 TAD NUMI 
3241 CIA 
3242 DCA DOWN 1 
3243 SNL 
3244 JMP .+2 
3245 TAD CMI 
3246 TAD NUM2 
3247 CMA 
3250 DCA DOWN 2 
3251 CLL 
3252 TAD SQR2 
3253 DCA NaM2 
3254 TAD SQR1 
3255 DCA NOMI 
3256 JMS I 126 
3257 CLL 
3260 TAD ECK 
3261 SZA CLA 
3262 JMP .+2 
3263 JMP EJO 
3264 TAD R00T1 
3265 TAD CMI 
3266 DCA R00T1 
3267 CLL 
3270 TAD C7777 
3271 DCA D0WN2 
3272 JMP I SQR 
3273 K2,0 
3274 K%0 
/nam+down=ndh 
/sqr-approx. 
/trun. sqs 
3300 
3301 
3302 
3303 
330U 
330 5 
3306 
3307 
3310 
3311 
3312 
3313 
3400 
3401 
3402 
340 3 
3404 
3405 
3406 
3407 
3410 
3411 
3412 
3413 
3414 
3415 
3416 
3417 
3420 
3421 
3422 
3423 
3424 
3425 
3426 
3427 
3430 
3431 
3432 
3433 
3434 
3435 
3436 
3437 
3440 
3441 
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KJ1, CLL 
TAD K2 
lAC 
DCA K2 
SZL 
JMP I 21 
JHP KJ3 
KJ4, CLL 
TAD K2 
RAL 
I AC 
DCA NaM2 
SZL 
JMP I 21 
JMP KJ5 
*3400 
TTS, TAD C301 
JMS I 30 
TAD DS 
TAD CC26 0 
JMS I 30 
JMS I 31 
TAD TT0M2 
DCA NDM2 
TAD TTOM 1 
DCA NDM1 
TAD DS 
DCA DOWnl 
JMS I 123 
JMS I 33 
TAD TINDX1 
DCA NO HI 
TAD TINDX2 
DCA H0H2 
TAD DS 
DCA D0WN1 
JMS I 123 
JMS I 33 
TAD B001 
DCA NUMI 
TAD B002 
DCA NDM2 
TAD DS 
DCA D0WN1 
JMS r 123 
JMS I 33 
TAD ZALL 
DCA NDH2 
DCA NUM1 
TAD DS 
/AVERAGE THE RESULTS 
/DIV 
/DIV 
151 
3442 DCA D0WN1 
3443 JIÏS I 123 
3444 DCA TT0M2 
3445 DCA TT0M1 
3446 DCA TINDX2 
3447 DCA TINDX1 
3450 DCA B002 
3451 DCA B001 
3452 DCA ZALL 
3453 DCA DS 
3454 JMP I 32 
*3700 
3700 SR1L ,0 
3701 CLA CLL 
3702 TAD RL3 
3703 RAL 
3704 DCA RL3 
3705 SZL 
3706 JMP I 21 
3707 TAD RL2 
3710 RAL 
3711 DCA RL2 
3712 SZL 
3713 JMP XX 
3714 XYyTAD RL1 
3715 RAL 
3716 DCA RL1 
3717 SNL 
3720 JMP I SR1L 
3721 CIL 
3722 TAD RL2 
3723 lAC 
3724 DCA RL2 
3725 SNL 
3726 JMP I SR1L 
3727 CIL 
3730 TAD RL3 
3731 lAC 
3732 DCAL HL3 
3733 JMP I SR1L 
3734 XX,CLL , 
3735 TAD RL3 
3736 lAC 
3737 DCA RL3 
3740 JMP Xï 
/RESTART 
/LEFT SHIFTING ROUTINE 
/HLT>i*000 
/EXIT 
Slight modification of the program is needed for use on 
the pulsatile flow data. 
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Instructions in memory location 227 through 236 are re­
placed by the following : 
0227 6571 /L-CHAN 
0230 CLL 
0231 TAD C514 /THRESHOLD, VAR. 
0232 SNL 
0233 JMP .-4 
023ii CLA CLL 
0235 TAD C7751 /VAR. DELAY 
0236 DCA DECT 
0237 ISZ DZO /18.432 MS 
0240 JMP .-1 
0241 ISZ DECT 
0242 JMP .-3 
0243 6571 /WAIT FOR PCS 
0244 CLL 
0245 TAD C514 /THRESHOLD 
0246 SNL 
0247 JMP .-4 
0250 6560 /FRONT POT DELAY 
0251 CIA 
0252 DCA DECT 
0253 ISZ DZO 
0254 JMP . -1 /18.432 MS 
0255 ISZ DECT 
0256 JMP .-3 
0257 SAM,I 5570 /CH 10, 6570 
0260 AND C1777 
0261 TAD C7000 /-1000 
0262 CLL 
After the instruction in memory location 355 (JMP I 32) , 
the following are added. 
DECT,0 
DZO,0 
C514,51U /VARIABLE 
C7751,7751 /VARIABLE 
If no raw data print out is desired and the optional in­
structions are deleted, then the following lines are inserted 
between 325-JnS I 31 and 351-Jn? DOSO ; 
TAD C737 
DCA PABCK 
TAD C7766 
DCA COUNT 
CDF 000 
TAD I PARCK 
JMS I 27 
TAD C240 
JMS I 30 
ISZ COUNT 
JMP .-5 
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APPENDIX E : 
FINDEX PBOGSAM 
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Flow Chart for FINDEX Program 
Start 
|Print out first 5 non-zerol 
Icode and spacinqs [ 
Stop 
Yes No 
No 
Yes 
Av er age 
the stored mean 
\ and FINDEX^ 
/ Had X 
all groups o 
data been 
v analyzed^ 
Print title 
Averagp and 
print out 
Print out segment number 
Initialize the 
storage locations 
Read 4096 data points 
from Cartrifile tape 
Print out the mean and 
FINDEX in decimal form 
Input code of the segments 
of data to be averaged 
Compute and print out 
the mean spacing (ratio) 
the sum of the squares 
of the spacinqs 
0010 
001 1 
0020 
0021  
0022 
0023 
002U 
0 0 2 5  
0026 
0027 
0 0 3 0  
0 0 3 1  
0 0 3 2  
0 0 3 3  
0 0 3 a  
0 0 3 5  
0 0 3 6  
0 0 3 7  
ootto 
0041 
0 0 4 2  
0043 
0044 
0 0 4 5  
0 0 4 6  
0 0 4 7  
0 0 5 0  
0200 
0201 
0202 
0203 
0204 
0205 
0206 
0207 
0210 
0211 
0212 
0213 
0214 
0215 
0216 
0217 
0220 
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Listing of FINDEX Program in PDF Machine Language 
*10  
NF,0 
D0M2,0 
*20 
WRIT1 
CRLF 
TYPE 
CFIO 
BESQ 
PRINT 
SPACE 
COMP 
ERROR 
SEG,0 
MOLT 
COUNT,0 
D0M1,0 
DOH3,0 
VAR1,0 
VAR2,0 
VAR3,0 
TGV 1,0 
TOV2,0 
TOV3,0 
/aotoindexing 
/TITLE 
/CAR. RT., LINE FD 
/TYPE CHARACTER 
/TAPE CONTROL 
/SUM OF SQUARE 
/4 ASCII CHARACTER 
/4 BLANKS 
/COMPOTE INTERVALS 
/ERROR HLT 
SEGMENT COUNTER 
/MULTIPLY 
/COONTERS, STORAGE, SEE TEXT 
C7777 ,7777 /CONSTANTS 
C240, 240 
COOOO ,0000 
C331, 331 
C7773 ,7773 /CONTINUE AFTER 1375 
*200 /START OF PROGRAM 
CLA CLL 
TLS 
JMS I 23 
LP,0001 /LPSCH TP4 
JMS I 21 /CRLF 
JMS I 20 /TITLE 
CDF 000 
JMS I 21 
TAD C677 
DCA NSEG 
KCC 
ES1,KSF 
JMP .-1 
KRB /READ IN # SEG TO AVERAGE 
TLS 
CIA 
DCA DCK 
0221 
0 2 2 2  
0223 
0224 
0225 
0226 
0227 
0230 
0231 
0232 
0233 
0234 
0235 
0236 
0237 
0240 
0241 
0242 
0243 
0244 
0245 
0246 
0247 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0260 
0261 
0262 
0263 
0264 
0265 
0266 
0267 
0270 
0271 
0272 
0273 
0274 
0275 
0276 
0277 
0300 
0301 
0302 
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TAD DCK 
TAD CC100 
SPA CLA 
TAD CC200 
TAD DCK 
TAD CC60 
DCA DCK 
TAD DCK 
DCA I NSEG 
TAD DCK 
TAD C7735 
SZA CLA 
JMP ESI 
CLL 
TAD C677 
DCA NSEG 
TAD I NSEG 
DCA KORN 
CDF 010 
STAHT ,JMS I 21 
J MS I 21 
CDF 010 
JMS I 23 
0400 
4000 
0000 
SZL 
HIT 
JMS I 23 
0400 
4000 
4000 
SZL 
HLT 
LTSA 
AND LP 
SZA CLA 
JMP .+2 
JMP .+5 
TAD C331 
JMS I 22 
HLT 
JMS I 21 
TAD C7773 
DCA DUMI 
TAD C7777 
DCA NF 
BACK, DCA DDH3 
TAD I NF 
SZA 
/CHECK ASCII CODE OF PRINTER 
/HAY HOT NEED 221-230 
/CK FOR CR 
/READ TP4 
/BEAD ERROR HLT 
/TAPE END 
/5 WORDS 
/SPACING 
0303 
0304 
0305 
0306 
0307 
0310 
0311 
0312 
0313 
0314 
0315 
0316 
0317 
0320 
0321 
0322 
0323 
0324 
0326 
0327 
0330 
0331 
0400 
0401 
0402 
0403 
0404 
0405 
0406 
0407 
0410 
0411 
0412 
0413 
0414 
0415 
0450 
0451 
0452 
0453 
0454 
0455 
0455 
0457 
0460 
0461 
0462 
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JMP . + 3 
ISZ D0M3 
JMP .-4 
JMS I 25 
TAD C240 
JMS I 22 
TAD DUM3 
JMS I 25 
TAD C240 
JMS I 22 
ISZ DUH1 
JMP BACK 
JMS I 26 
JMS I 26 
JMS I 26 
JMS I 26 
ISZ SEG 
TAD S EG 
JMS I 21 
JMS I 27 
JMS I 24 
JMP I 51 
*400 
WEIT1 ,0 
CDF 000 
TAD C7746 
DCA DUM1 
TAD C447 
DCA DUM2 
TAD I D0M2 
JMS I 22 
ISZ DUM1 
JMP .-3 
CDF 010 
JMP I WRITI 
C7746 ,7746 
C447, 447 
*450 
315 
305 
301 
316 
240 
240 
240 
240 
240 
240 
240 
/PRINT 
/TYPE 
/SPACE 
/COMPUTE INTERVALS 
/MEAN SQ 
/LCON OB JMP I 57 TO SUPPRESS 
/DECIMAL COHP, OR TIM LESS THAN .4 
/PRINT TITLE 
/26 CHAR 
/START ADDRESS 
/TYPE 
/EXIT 
/CODES FOR TITLE 
0463 
0464 
0465 
0466 
0467 
0470 
0471 
0472 
047 3 
0474 
0475 
0476 
0477 
0520 
0521 
0522 
0523 
0524 
0525 
0526 
0527 
0530 
0531 
0532 
0533 
0534 
0535 
0536 
0537 
0540 
0541 
0542 
0543 
0544 
0545 
0546 
0547 
0550 
0551 
0552 
0553 
0554 
0555 
0556 
0557 
0560 
0561 
0562 
0563 
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240 
240 
315 
305 
301 
316 
240 
323 
321 
325 
301 
322 
305 
*520 
COHP,0 
TAD C7777 
DCA NF 
DCA DUM3 
DCA COUNT 
DCA 7AR1 
TAD C7777 
DCA DUM2 
DCA DUH1 
AGA, TAD I NF 
SZA CLA 
JMP TAL 
ISZ DUM1 
REfISZ COUNT 
JMP AGA 
JMP OUT 
TAL, TAD DU Ml 
DCA I DUM2 
TAD DUH1 
TAD VAR1 
DCA VAR1 
DCA DUMI 
ISZ DUM3 
JMP RE 
OUT, TAD VRR1 
JMS I 25 
TAD VAR1 
DCA LVAR 1 
TAD C257 
JMS I 22 
TAD DUH3 
JMS I 25 
TAD DUMB 
DCA LDUH3 
JHS I 26 
JMP I CO MP 
/compute intervals betweeu 
/critical points 
/# non-zero code 
/spacing 
/output nuh 
/out. denoh 
/exit 
0601 
0602 
0603 
0604 
0605 
0606 
0607 
0610 
0611 
0612 
0613 
0614 
0615 
0 6 1 6  
0617 
0620 
0621 
0622 
0623 
0624 
0625 
0 6 2 6  
0627 
0630 
0631 
0632 
0633 
0634 
0635 
0636 
0637 
0640 
0641 
0642 
0643 
0644 
0645 
0646 
0647 
0650 
0651 
0652 
0653 
0654 
0655 
0656 
0657 
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C257, 257 
*600 
MESQ, 0 
TAD C7777 
DCA NF 
DCA VAR1 
DCA TAB 2 
DCA VAE3 
TAD DDM3 
CIA 
DCA DDM3 
CLL 
SQ,TAD I NF 
DCA DUM1 
JMS I 32 
JHS I 55 
ISZ DUM3 
JMP SQ 
CLA CLL . 
TAD VAE3 
JMS I 25 
TAD C240 
JMS I 22 
TAD VAR2 
JHS I 25 
TAD C240 
JMS I 22 
TAD VAH1 
JMS I 25 
JMP I HESQ 
THADD ,0 
CLA CLL 
TAD T0V1 
TAD VAR1 
DCA VAF1 
SZL 
JMP VADJ2 
TAD T0V2 
TAD VAS 2 
DCA VAH2 
SZL 
JMP VADJ3 
AD3,TAD T0V3 
TAD VAR3 
DCA VAR3 
CLL 
JMP I TWADD 
VADJ2 ,CLL 
TAD T0V2 
I AC 
/SDH OF SQUARES 
/counter 
/MOLT. TEMP LOG 
/MULT 
/TTÎADD 
/output hesq 
/3 words add routine 
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0660 TAD VAR2 
0661 DCA VAS2 
0662 SZL 
0663 J MP .+2 
066^ JHP AD3 
0665 V&DJ3 I, CLL 
0666 TAD T0V3 
0667 lAC 
0670 TAD VAR3 
0671 DCA VAR3 
0672 CLL 
0673 JWP I THADD 
*1400 
1400 MULT, 0 
1401 DCA T0V1 
1402 DCA T0V2 
1403 DCA T0V3 
1404 TAD DUM1 
1405 SNA 
1406 JHP I MULT 
1407 CIA 
1410 DCA COUNT 
1411 TAD DUMI 
1412 TAD T0V1 
1413 DCA T0V1 
1414 SZL 
1415 JHP VADJ 
1416 ACQ ON ,ISZ COD! 
1417 JMP . -6 
1420 JHP I MULT 
1421 VADJ, CLL 
1422 TAD T072 
1423 I AC 
1424 DCA T0V2 
1425 SZL 
1426 JHP .+2 
1427 JHP ACOUN 
1430 CLL 
1431 TAD T0V3 
1432 lAC 
1433 DCA T0V3 
1434 SZL 
1435 JMP I 30 
1436 JHP ACOUN 
*1000 
1000 PRINT ,0 
1001 DCA TEM1 
1002 TAD CM4 
1003 DCA DIGCTR 
1004 DCA STORE 
/SQUARE ROUTINE 
/EXIT 
T 
/EXIT 
/ERROR 
/PRINT 4 DIGITS (OCTAL) 
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1005 TAD TEMI 
1006 RAL 
1007 UNPACK,TAD STORE 
1010 RAL 
1011 RTL 
1012 DCA STORE 
1013 TAD STORE 
1014 AND C0007 
1015 TAD C260 
1016 JIÎS I 22 
1017 ISZ DIGCTR 
1020 JHP UNPACK 
1021 JHP I PRINT 
1022 TYPE,0 /TLS COMMAND 
1023 TSF 
1024 JMP .-1 
1025 TLS 
1026 CLA 
1027 JMP I TYPE 
1030 CRLr,0 /CARRIAGE RETORN, LINE FEED 
1031 TAD C215 
1032 JHS I 22 
1033 TAD C212 
1034 JMS I 22 
1035 JMP I CRLF 
1036 ERROR,CLA CLL /PRINT X AND HLT 
1037 JMS I 21 
1040 TAD CX 
1041 JMS I 22 
1042 JMS I 21 
1043 HLT 
1044 SPACE,0 /INSERT 4 BLANKS 
1045 TAD CSPA4 
1046 DCA CONSP 
1047 TAD C240 
1050 JMS I 22 
1051 ISZ CONSP 
1052 JMP .-3 
1053 JMP I SPACE 
1054 TEMI,0 
1055 CM4,7774 
1056 DIGCTR,0 
1057 STORE,0 
1060 C260,260 
1061 C215,215 
1062 C212,212 
1063 CX,330 
1064 CSPA4,7774 
1065 CONSP,0 
1066 C00G7,0007 
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*1200 
*1200 
1200 CFIO, 0 
1201 CDF 000 
1202 CLA 
1203 DCA C0UNT1 
120a DCA C0UNT2 
1205 TAD CONST 
1206 DCA C0UNT3 
1207 TAD I CFIO 
1210 DCA TEH 10 
1211 TAD TEM10 
1212 AND C17 
1213 SZA 
1214 JMS LPSCH 
1215 TAD TEM10 
1216 AND C0360 
1217 SZA 
1220 JMS SRITE 
1221 TAD TSM10 
1222 AND C7400 
1223 SZA 
1224 JMS READ 
1225 ISZ CFIO 
1226 JMP I CFIO 
1227 TEM10 ,0 
1230 TEH20 ,0 
1231 C17,0017 
1232 C0360 ,0360 
1233 C7400 ,7400 
1234 LPSCH ,0 
1235 DCA TEM20 
1236 LTSB 
1237 CLL 
1240 RTL 
1241 SNL CLA 
1242 JMP STAT 2 
1243 TAD TEM20 
1244 ACMD 
1245 CLA 
1246 JMP I LPSCH 
1247 STATUS,0 
1250 DCA TEH 20 
1251 STAT1 ,LTSA 
1252 AND TEH20 
1253 CIA 
1254 TAD TEH20 
1255 SZA CLA 
1256 JMP WAIT 
1257 152 CFIO 
/TAPE I/O ROUTINE 
1 2 6 0  
1251 
1262 
1263 
1264 
1265 
1 2 6 6  
1267 
1270 
1271 
1272 
1273 
1274 
1275 
1276 
1277 
1300 
1301 
1302 
1303 
1304 
1305 
1306 
1307 
1310 
1311 
1312 
1313 
1314 
1315 
1316 
1317 
1320 
1321 
1322 
1323 
1324 
1325 
1326 
1327 
1330 
1331 
1332 
1333 
1334 
1335 
1336 
1337 
1340 
1341 
164 
TAD I CFIO 
CMA 
DCA RCDCT 
ISZ CFIO 
TAD I CFIO 
DCA ADD1 
JMP I STATUS 
hait,isz cou nt2 
JHP .-1 
ISZ C0UNT1 
JMP STAT 1 
ISZ C0UNT3 
JMP STAT 1 
STAT2,LTSB 
CLl BTL 
rtl 
LTSA 
HIT 
JMP STAT1 
COUNT3,0 
COUNT1,0 
conNT2 , o  
CONST,7775 
HRITE,0 
JMS STATDS 
LTB 
TAD TEM20 
ACMD 
CDF 010 
FLAG1,SWWC 
JMP .-1 
CLA 
TAD I ADD1 
LTB 
ISZ ADD1 
ISZ RCDCT 
JHP FLAG1 
SWWC 
JMP .-1 
wspc 
CLA 
JMP I WRITE 
RCDCT,0 
ADD1,0 
READ,0 
CDF 000 /IN CASE tf AND R CONSEC, 
JMS STATUS 
rtb 
CLA 
TAD TEM20 
1342 
1343 
1344 
1345 
1346 
1347 
1350 
1351 
1352 
1353 
1354 
1355 
1356 
1357 
1360 
1361 
1362 
1363 
1364 
1365 
1366 
1367 
1370 
1371 
1372 
1373 
1374 
1375 
0 0 1 2  
0013 
0051 
0052 
0053 
0054 
0055 
0056 
0057 
0060 
0061 
0062 
0063 
0064 
0065 
0066 
0067 
0070 
0071 
0072 
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ACMD 
CDF 010 
FLAG2, ,SRHC 
J HP .-1 
LTSA 
AND TEM20 
SZA 
JMP EXIT 
RTB 
DCA I ADDI 
ISZ ADD1 
ISZ RCDCT 
JHP FLAG2 
FLAG 3, SRWC 
JMP .-1 
STB 
LTSA 
AND TEM20 
SNA CLA 
JHP RETURN 
EXIT,LTSB 
CLL RTL 
RAL 
CI.A 
TAD RCDCT 
JMP I READ 
RETURN ,ISZ RCDCT 
JH? FLAG 3 
* 1 2  
NSEG,0 
EFF,0 
*51 
LCON 
div 
seiL 
THCOH 
thadd 
SQE 
START 
TTS 
DEC 
EJ3 
KOiN^O 
C677,677 
dck,0 
lvae1,0 
lddh3,0 
num2,0 
nijm1 ,0 
DOON2,7777 
/AOTOINDEXING 
/DECIMAL OUTPUT 
/DIVISION 
/SHIFT LEFT 
/TWO'S COMPLEMENT 
/ADD 
/SQUARE ROOT 
/START OF PROGRAM 
/AVERAGE, INITIALIZE 
/DECIMAL CONVERSION 
/SUBTRACT 
/STORAGE AND CONSTANTS, SEE TEXT 
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0073 DOWNING 
0074 TTOM1,0 
0075 TTOM2,0 
0076 qd01 ,0 
0077 QD02,0 
0100 em3,7775 
0101 TEEM,0 
0102 em6,7772 
0103 TEn6,0 
0104 ROOT 1,0 
0105 TIH,0 
0106 TINDX2,0 
0107 TINDX1,0 
0110 DS,0 
0111 c301,301 
0112 C2767,2767 
0113 0DT1 ,0 
0114 CCC,0 
0115 INT1,0 
0116 C7735,7735 
0117 CC260,260 
0120 CP1,0001 
0121 DEC1,0 
0122 0256,256 
0123 ECK,0 
0124 RL1,0 
0125 RL2,0 
0126 SQR1,0 
0127 SQH2,0 
0130 OC200,200 
0131 OOlOO,100 
0132 CC60,60 
*1600 
1600 LCON,JMS I 21 
1601 odf 000 
1602 OLA OLL 
1603 TAD LVAR1 
1604 DCA NDH2 
1605 DCA NOMl 
1606 TAD LDDM3 
1607 DCA DOWNl 
1610 JMS I 52 
1611 JMS I 26 
1612 TAD QD01 
1613 TAD TTOMl 
1614 DCA TTOH1 
1615 SZL 
1616 JMP ES2 
1617 ESlOyTAD 0002 
1620 TAD TT0M2 
/DECIMAL ODTPDTS 
/C8LF 
/DIV 
/SPACE 
/STORE MEAN 
1 6 2 1  
1622 
1623 
1624 
1625 
1626  
1627 
1630 
1631 
1632 
1633 
1634 
1635 
1636 
1637 
1640 
1641 
1642 
1643 
1644 
1645 
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1647 
1650 
1651 
1652 
1653 
1654 
1655 
1656 
1657 
1660 
1661 
1662 
1663 
1664 
1665 
1666 
1667 
1670 
1671 
1672 
1673 
1674 
1675 
1676 
1677 
1700 
1701 
1702 
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DCA TTOH 2 
JMP IND 
ES2, CLL 
I AC 
JMP ES10 
IND, S2L 
JMP I 30 
TAD EM3 
DCA TEEM 
TAD Q002 
DCA RL2 
TAD QUOI 
DCA BL1 
JHS I 53 
ISZ TEEM 
JMP . -2 
CLL 
TAD RL2 
DCA TIM 
TAD RL2 
DCA DUS1 
J MS I 32 
JHS I 54 
CLA CLL 
TAD VAR2 
DCA KUM2 
TAD VAR1 
DCA NOHI 
TAD LDDM3 
DCA D0HN1 
JHS I 52 
J MS I 26 
TAD EM6 
DCA TES6 
TAD QD02 
DCA EL2 
TAD QUOI 
DCA RL1 
JMS I 53 
ISZ TEM6 
JMP .-2 
CLL 
TAD BL2 
DCA VAR2 
TAD RL1 
DCA VAR1 
JMS I 55 
TAD VAR2 
DCA SQR2 
TAD 7AR1 
/HLT>7777 
/bal 
/ME&NX8+1 
/MOLT 
/TWCOH 
/DIV,fI-SQ, BUST BE ABOVE 1.0 
/SPACE 
/HAL 
/TSADD 
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1703 DCA SQE1 
1704 JMS I 56 /SQB 
1705 TAD B00T1 
1706 DCA N0M2 
1707 DCA N0M1 
1710 TAD TIM /TIM MUST BE 
1711 DCA DOKNI 
1712 JMS I 52 /DIV 
1713 TAD QUOI 
1714 TAD TINDX1 
1715 DCA TINDX1 
1716 SZL 
1717 JHP CONT 
1720 CCONT,TAD QU02 
1721 TAD TINDX2 
1722 DCA TINDX2 
1723 SZL 
1724 JMP I 30 /HLT 
1725 JMP CON 
1726 CONT ,CLL 
1727 I AC 
1730 JHP CCONT 
1731 DON, ISZ DS 
1732 ISZ DOWN 
1733 J MP I 57 /RESTART 
1734 CLL 
1735 JMP I 60 /TTS 
*2000 /AVERAGE THE 
2000 TTS, JMS I 21 /CSLF 
2001 TAD C301 /A 
2002 JMS I 22 /TYPE 
2003 TAD DS 
2004 TAD CC260 
2005 JMS I 22 
2006 JMS I 21 
2007 TAD TT0M2 
2010 DCA NnM2 
2011 TAD TT0M1 
2012 DCA N0M1 
2013 TAD DS 
2014 DCA D0»N1 
2015 JMS I 52 /DIV, MEAN 
2016 JMS I 26 /SPACE 
2017 TAD TINDX2 
2020 DCA NaM2 
2021 TAD TINDX1 
2022 DCA NUMI 
2023 TAD DS 
2024 DCA D0WN1 . 
2025 JMS I 52 /DIV,FI«DX 
ABOVE 0.40 
RESULTS 
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2026 DCA TT0M1 
2027 DCA TT0M2 
2030 DCA TINDX1 
2031 DCA TINDX2 
2032 DCA DS 
2033 TAD I NSEG 
2034 DCA KOWN 
2035 TAD DOWN 
2036 TAD C7735 
2037 SZA CLA 
2040 JMP I 57 /BESTART 
2041 JMS I 23 /LPSCH TP4 
2042 0001 
2043 HLT 
2044 TtfCOM,0 /2S COMPLEMENT TOV 
2045 CLA CLL 
2046 TAD• T0V3 
2047 CMA 
2050 DCA T0V3 
2051 TAD T0V2 
2052 CMA 
2053 DCA T0V2 
2054 TAD T0V1 
2055 CIA 
2056 DCA T0V1 
2057 SZL 
2060 JMP .+2 
2061 JMP I TSCOK 
2062 cll 
2063 TAD T0V2 
2064 lAC 
2065 DCA T0V2 
2066 SZL 
2067 JMP . +2 
2070 JMP I TWCOM 
2071 CLL 
2072 TAD T0V3 
207 3 lAC 
2074 DCA 1073 
2075 cll 
2076 JMP I TWCOM 
2077 DEC,0 /OOTPOT 6 DIGITS (2 DECIMALS) 
2100 CLA CLL 
2101 TAD C2767 
2102 DCA EJJ 
2103 TAD EM6 
2104 DCA TEM6 
2105 EGN,DCA CUTI 
2106 TAD I EJJ 
2107 DCA CCC 
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2110 EGT,' TAD INT1 
2111 TAD CCC 
2112 SZL 
2113 JMP EAD 
2114 CLA 
2115 TAD 0UT1 
2116 TAD CC26 0 
2117 JMS I 22 
2120 ISZ TEM6 
2121 JMP EEE 
2122 JMP I DEC 
2123 EAD, CLL 
2124 DCA INT1 
2125 ISZ 0UT1 
2126 JMP EGT 
2127 EEE, TAD CCC 
2130 TAD CP1 
2131 SZA CLA 
2132 JMP EGN 
2133 CLL 
2134 TAD DEC1 
2135 DCA INT1 
2136 TAD C256 
2137 JMS I 22 
2140 JMP EGN 
*2770 
2770 6030 
2771 7634 
2772 7766 
2773 7777 
2774 7146 
2775 7727 
*2200 
2200 DIV, 0 
2201 CLA CLL 
2202 DCA QUOI 
2203 DCA Q002 
2204 TAD DOMNI 
2205 SZA 
2206 JMP .+2 
2207 JMP I 30 
2210 CIA 
2211 DCA D0WN1 
2212 EJ4, JMS I 62 
2213 CLL 
2214 TAD ECK 
2215 SZA CLA 
2216 JMP LSD 
2217 TAD Q001 
2220 I AC 
/TYPE 
/EXIT 
/DOT 
/OCTAL TO DECIMAL CONV. 
/1000=1750 
/DIVISION BOOTINE 
/DENOM=0 
/NUM+DO»N=NOI1 
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2221 DCA QUOI 
2222 SNL 
2223 JMP EJ4 
2224 CLL 
2225 ISZ QU02 
2226 JMP EJ4 
2227 LSD, CLL 
2230 TAD QU02 
2231 DCA INT1 
2232 TAD QUOI 
2233 DCA DEC1 
2234 JMS I 61 
2235 JMP I DIV 
2236 EJ1, CLL 
2237 lAC 
2240 JMP EJ2 
2241 EJ3, 0 
2242 CLA CLL 
2243 DCA ECK 
2244 TAD NUM1 
2245 TAD D0WN1 
2246 DCA NUM1 
2247 S2L 
2250 JMP EJ1 
2251 EJ2, TAD NUM2 
2252 TAD D0HN2 
2253 DCA NUM2 
2254 SZL 
2255 JgP I EJ3 
2256 ISZ ECK 
2257 JMP I EJ3 
2260 SH1L ,0 
2261 CLA CLL 
2262 TAD RL2 
2263 RAL 
2264 DCA RL2 
2265 SZL 
2266 JMP I 30 
2267 TAD RL1 
2270 RAL 
2271 DCA RL1 
2272 SZL 
2273 JMP .+2 
2274 JMP I SRIL 
2275 CLL 
2276 TAD RL2 
2277 I AC 
2300 DCA RL2 
2301 JMP I SRIL 
*2400 
/dec out 
/exit 
/62, 2 WORDS ADDITION 
/SHIFT LEFT 2 WORDS 
/hlt 
/SQUARE ROOT ROUTINE 
2aoo 
2401 
2402 
2403 
2404 
2405 
2406 
2407 
2410 
2411 
2412 
2413 
2414 
2415 
2416 
2417 
2420 
2421 
2422 
2423 
2424 
2425 
2426 
2427 
2430 
2431 
2432 
2433 
2434 
2435 
2436 
2437 
2440 
2441 
2442 
2443 
2444 
2445 
2446 
2447 
2450 
2451 
2452 
2453 
2454 
2455 
2456 
2457 
2460 
2461 
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SQH, 0 
cia CLL 
DCA fiOOTi 
DCA K2 
DCA K2 
EJO, TAD H0CT1 
lAC 
DCA ROOT 1 
SZL 
JMP I 30 
TAD ROOTI 
TAD K1 
DCA K1 
SZL 
JHP KJ1 
KJ3, TAD K1 
RAL 
DCA NUMI 
SZL 
JtlP KJ4 
TAD K2 
5AL 
DCA N0M2 
SZL 
JflP I 30 
KJ5, TAD ROOT 1 
CIA 
DCA D0KN1 
TAD C7777 
DCA D0iN2 
JMS I 62 
CLL 
TAD NUMI 
CIA 
DCA D0HN1 
SNL 
JMP .+2 
TAD C7777 
TAD N0M2 
CMA 
DCA D0WN2 
CLL 
TAD SQH2 
DCA NUM2 
TAD SQRI 
DCA N0M1 
JMS I 62 
CLL 
TAD ECK 
SZA CLA 
/hlt>7777 
/EJ3 
/ej3 
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2462 JHP 
2463 JMP 
2464 TAD 
2465 TAD 
2466 DCA 
2467 CLL 
2470 TAD 
2471 DCA 
2472 JMP 
2473 K2,0 
2474 K1,0 
2475 KJ1, CLL 
2476 TAD K2 
2477 I AC 
2500 DCA K2 
2501 SZL 
2502 JMP I 30 
2503 JMP KJ3 
2504 KJ4, CLL 
2505 TAD K2 
2506 RAL 
2507 I AC 
2510 DCA NDM2 
2511 SZL 
2512 JHP I 30 
2513 JMP KJ5 
Where the average interval is small (high frequency 
Doppler signal) such that the mean of the sum of the squares 
is less than one or the mean interval is less than 0.40, 
suppression of decinal output must be used to avoid division 
by zero. This is done by replacing the instruction at memory 
location 331 with JMP I 57. No averaging is done. 
For better accuracy in decimal output, a simple but time 
consuming FOCAL program was used to compute the results for 
FINDEX based on the initial base eight values of mean and sum 
of sguares of the intervals available on the printouts. 
. + 2  
EJO . 
R0GT1 
C7777 /TRUN. SQH 
r00t1 
C7777 
D0WN2 
I SQR 
17a  
APPENDIX F ; 
ESTIMATION OF EBSOH 
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Sources of error in the determination of the coefficient 
of variation are the instruments, i.e., the ultrasonic device 
and the magnetic tape recorder, and the truncations in the 
numerical estimation of the intervals between the critical 
points. 
Since the coefficient of variation is not dependent so 
much on the relative amplitudes of the frequency components 
in a signal as on the intervals between the critical points, 
the criterion for instrument error is the inability to deter­
mine the critical points correctly, i.e., the extreme values 
and zero crossings. 
Analyses of Doppler signals indicated that signals with 
an absolute amplitude average of less than 20 mv at the out­
put of the ultrasonic device should not be used. Below 20 mv, 
correct determination of the critical points was not 
achieved. 
Based on results of tests on the magnetic tape recorder, 
freguencies below 100 Hz should not be used. Assuming the 
beam axis in-line with the flow axis, ultrasonic carrier fre­
quency 2.2 MHz, and speed of sound at 1500 m/s, 100 Hz corre­
sponds to a flow velocity of 3.4 cm/s. 
To avoid instrument error of this nature, results of ex­
perimental analysis were observed for a "low frequency cut­
off". Results of analyses of signals from flow velocities 
below 5 cm/s were not used. The flow velocities were not high 
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enough to reguire a "high freguency cut-off" for the instru­
ments. 
Error due to magnetic tape noise can be estimated by a 
technigue described by Lee (50). The intervals between the 
extreme values and zero crossings of the CW Doppler signal 
can be represented by a periodic time-varying signal. 
Superimposed on this signal is a random noise signal. 
The autocorrelation function is effectively the variance 
of the signal when evaluated at zero delay. Following Lee, 
= S, + S, (F-1) 
where 
^sn ~ mean of the sum of sguares of the composite 
signal, i.e., periodic signal plus noise. 
Sg = mean of the sum of sguares of the periodic 
signal. 
= mean of the sum of the squares of the noise 
signal. 
In general, 
V = m^F^ (F-2) 
and S = v+m2 (F-3) 
where 
V = variance of the signal. 
m •= mean of the signal. 
F = coefficient of variation. 
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Therefore, substituting eguations (F-2) into (F-3), then 
into eguation (f-1) and transposing, 
(F-4) 
where 
5 = subscript for periodic signal. 
n = subscript for noise signal. 
The mean of the noise signal is close to zero and is 
negligible compared to the mean of the signal. Dropping out 
and taking eguation (F-4) becomes 
H = % - /«: (f-s) 
At =0, 
= i^n (f-6) 
Experimental evaluation of the magnitude of the term on 
the left-hand side of eguation (F-6) shows that it has a 
value lower than (0.5)2 between 150-300 Hz and a value of 
(0.3)2 for frequency greater than 300 Hz (Fig. 14). 
Therefore, 
F2 = F|^ - k 0.9<k<0.25 (F-7) 
Eguation (F-7) serves as a correction equation for the 
experimental FINDEX coefficients. But substituting typical 
values of FINDEX in the two frequency ranges, i.e., k=0.25 
for f^=2.0 and k-0.09 for Fg„=1.5, shows that the errors with­
out the correction are in the range of 2-3%. At F^^ = 1 «5 and 
k=0.25, the error without the offset correction is less than 
7*. 
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Error due to the numerical computation of intervals be­
tween the critical points in a signal can be estimated. Due 
to the need to use integer values, the average error in the 
determination of the intervals is 0.5 of an unit. Let N equal 
the total number of sampling points or units, ^ the fraction 
of the total number of cycles in one second that are sampled, 
and f the frequency of the siqnal beinq sampled. There are pf 
cycles in N units. But since there are four critical points 
in a cycle, the average number of units between two critical 
points has (N/^f))/4 or 0.25N/^f units. 
Standard deviation is defined as 
m 
where 
X = the interval between the critical points. 
x^= the mean interval. 
The worst case of computational error occurs when all 
the intervals are in error by an average of 0.5 unit. For a 
fixed frequency and sampling time, the mean interval remains 
constant. Therefore equation (F-8) has a value of 0.5. 
To compute for the error in the coefficient of varia­
tion, the mean interval, in terms of frequency and the number 
of sampling points used, is divided into the error in stan­
dard deviation. The computational error becomes 
C.V. EfiBOR=0.5/(0.25N/^f) (F-9) 
179 
= 28f/n 
In this investigation, yg was 0.2, N was 4096. Therefore, 
C.V. EfiEOR=9.8x10-sf (F-'iO) 
The absolute error in the value of the coefficient of 
variation is seen to be proportional to the frequency and 
inversely proportional to the number of sampling points used. 
At a frequency of 1 KHz, the computational error is less than 
1%.  
The sources of error in the determination of the number 
of zero crossinqs per unit time of a signal are the instru­
ments. The error criterion and method of avoidance are the 
same as for the coefficient of variation. 
